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ENHANCED TRANSDERMAL TRANSPORT USING ULTRASOUND 
Background of the Invention 

r ._s_.._ ....•er.ricn is csnerany i- -he area 

or d ru c ~ *< - "a v-» * - _ ^ . _ 

-^^x.e.., ani ^3 carc::u:ar:y improved 

mechcc^ ::r transdermal drug delivery and 

noni::r:r.: :: a.-alv:es. 

The United States g3vernr.snt: has rights ir. 
this :r.ver.:::r. cv v* ^ - m ^_ 3 : T „„,^ _ 

Healer, grant l\z . GM44384 to Rcberc Langer and Army 

3ffice Grant: -3. DAALC3 -90-G02L2 tz James C. 
Weaver . 

Trar.saerma- drug delivery : TDE ) offers several 
advantages r:sr traditional delivery methods 
-nciucir.g -.r^eciisns and cral delivery. When 
compared t ; ora. delivery, T2D avoids 
gasc:::r.::5:ir.a. drug ^caoclism, reduces first- 
pass e reacts, and provides sustained release of 
drugs fir up seven days, as reported by Eiias, 
In Percutaneous Abscrzzion: Mechanisms^ 
Methzzzi zzy -Drag Delivery. . 3rcr.augh f R. L. , 
Maxcacn. :-: . Ed), cp i - 12 . Marcel Dekker, Mew 

York, ::- = r. 



cr a..aiyces using ultrasound has 

f more 



oeer. --gg-.ed as an alternative to the use 



25 invasive c rccecures . This is particularly 

at " tr " * - rcr »-2?-ciition3 such as diabetes, which 

requires :requent determination cf the blood 
glucose leveis. For example, T.£. Patent Uo . 
3, 453,14:- zz Eppstem, et ai. ( suggests that 

30 ultrasound m combination with chemical enhancers 
is an alternative method for monitoring of blood 
ux(-Lwwi=_. --c*.ww-.. _e oniy examples demonstrate 
trans ter tnrcugh membranes having pinholes m them, 
The word " trans derma i : * is used herein as a 

35 generic term. However, m actuality, transport of 

arug^> . urs cr._y across the epidermis where the 

drug is aosorcsci i- biooci capillaries. When 
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compares zz :n]ec:;:.-.s. TDD eiir.ir.aces cne 
associates tain and -he possibility of infection. 
•Theors::;jav. the :rar.sdsrmai route cf drug 
admir.;;:n;;;- could be advantageous in the 
S deliver-., :: -any therapeutic prscains, because 
proteir.3 ire susceptible to gastrointestinal 
decrsoatn.- and exhibit poor gastrointestinal 

_ «- a _. r.s s -c- as irxer:ercr.s are cleared 

rapl1 •' - rc ~ cne c-ood and need to be delivered at 
10 a sus:a:.-,:= rate i- order - 0 maintain their blood 
concentration at a high value, and transdermal 
devices easier zz use than injections. 

Lj 1 1 r a s t _ r~. t is "oa- — _ 

----- a.iovm to ennanca transdermal 

transport :: icw-rr.oiecu.ar weight drugs (-.oiecular 
15 weight ..-S3 tnan 5:- 0 5 across human skin, a 

pher.c-:-.:r. :eterred ta as soncphoresis (Levy, J. 
Clin .-.-.vest. 1989, 52. 2974-2078 ; Langer. ?.., m 
"Topic-, j.-jg Eioavailabilicy, Sioegui valence, and 
Penscru::.--"; pp. ?l-i 03( shah V- ? f M . H#I . ( sds 
20 (Plenu-.. :.ew YorlCf - 393) . Fridemanf R> m . f 

'Incer::r:-; a Pri-er' , Academic Press. New York. 
1981 ) 



4.75, , ; : - : Kost . et ai 



iter.t :-::s. 4,3 09,95 9 tc Fahim and 

disclose various ways in 
25 wnicn -.-.raaaund has been used tc achieve 

transaer-t. drug delivery. Soncphoresis has been 
shown tt -nnance transdermal transport of various 
drugs. .Mtncugn a variety of ultrasound conditions 
have =een -aed f = r soncphoresis. the most ccmmoniv 
30 used renditions correspond to the therapeutic 

ultrascur.= frequency in the range cf 1 MHz - 5 
MHz, and intensity ir. the range cf 0 - 2 W/cnr) 
(Kost. ir. Tzpicsl Ir-g Bloavaila±>lllcv 
Bioec---; valence and = e.necracic«. pp. =*1-103, 

iftan, /. p. (^d) Plenum Press, New 

York ■ - a -j . c 

' -- S - = No. 4,767,402 to Kost, et 

al. ) . 
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In spice c; chess advantages . very few drucs 
and r.c pr::air.s cr peptizes ara currently 
admimstersd t r ansae rmaily ::r clinical 
appiicaticr.s cecause cf c.-.e low skin permeability 
-o =rugs . --ippi-catior; c: therapeutic ultrasound 
does r.ct -.educe transdermal Transport cf high- 
moiecuiar weigh: ?ro:e:^. - is a common 
eoservac::- chat the typical enhancement induced by 
therapeutic ultrasound 13 less than ten- fold. In 
-.any cases, r.o enhancement zz transdermal drug 
transport .-as been observed upon ultrasound 



10 



appiicaticr. . This lew permaaoiiity is attributed 
-c _..e s.r^^u- ccrneux the cut trmosc skin 



Layer v/hic.-. consists 



dead calls filled 



15 wicr. y.eratm fibers ; karat tr.tcyces > surrounded by 
lipid bilavers. The nighly-crdered structure cf 
the lipid bi layers centers an impermeable character 

.._>iir. , ^ . i_. , in Fercucamous 
Abscrpzio- . Mechanisms-wschcaoIogy-Drug- Ceiivery. ,• 

20 Bronaugh. ?, . *_ . , Maibach.H. I. (Ed), pages 27-53^ 
Marcel =e*ker. New York. 19S9) . Examples cf in 
nvc " 3 -i"-i-g cf anaiytes using ultrasound have 
not teen cuoiished. 

V3r - = ty ct approaches r.ave been suacesced to 
23 enhance transdermal transport cf drugs. These 

include: _ use cf chemicals tc either modify the 
skin structure cr to increase the drug 
concentration in the transdermal patch {Junginger. 
et al. In —rug Permeation Enhancement"; Ksieh" 
30 D.S.. Eds., pp. 55-90 (Marcel Dekker. Inc. New York 

^1 . -a Dsrsiccmencal Issues and 

Research :.-it:ative Si Hadgra:: J., G., R. K., Eds.. 
Marcel Zekker: 1999; pp. 247-238 );' ii) applications 
of e.ectnc fields tc create transient transocrt 
35 pathways [ e iectroporaticni .Prausmtc Pros. Nad. 
Acad. Sci.USA 90, 10304-lC- = := (1993;; Walters, K. 
A. , m Transdermal Drug Delivery: Developmental 
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Issues and Rssear-- Initiatives. Ed. Hadaraft J., 
3uy. =.h.. .Marcel Dekker. 1989) or cs increase the 
mobility c: charged drugs through tne skin 
(iontccnoresis; . and iii) application cfui-.ra.ouac 
5 isonccncresisi . Var;: US approaches ir.ciudir.c 

chemical ennancars [Walters. K.A. . m Transdermal 
Drug -si i very: rsvelcpmencai Issues and Research 
Ini reives. Hadgrafc J . , Zuy. R.H., Marcs i -ekke- 
New York -389);, ultrasound [Levy et al . , -. clin. 
10 Invest., 33: 2074-2078 (1989); Mitragotrt et al . . 
J. Pharrr.. ici . 34:697-706 .1995)] and electrical' 
enhancement '.Prausnitz et ai . Proc. .Vaci. Acad. 
Sci.USA. -:■ : 1:304 -10508 (1993: ,- Pliquetr et al. , 
Pharos ceu rural Researcr., 12:549-555 ,1995); 
15 Chizmadzhsv e: ai . . Biophysical J. 68 :749-765 

!1995; ,• Eurnette (1989)] have been suggested to 
enhance transdermal drug transport. Chemical 
enhancers -ave been found to increase transdermal 
drug transport via several different mechanisms. 
20 including increased solubiliry of the drug in the 
doner formulation, increased partitioning into the 
SC. fiuidizatica of the lipid bilayers, and 
disruption o: tr.e intracellular proteins ;Kost and 
langer. In Topical Drug Bioavailability, 
3ioequivaier.ee. and Penetration; Shah and Maibech. 
ea. .Pler.nu-. :rt i 993 ) pp. =i- 103 (19935). U.S. 
Patent y.o . E. 44S.su to Eppstem, et ai . , describes 
enhancement =i ultrasound using the combination of 
chemical enhancers with modulation of the 
frequency, intensity, and/or phase cf the 
ultrasound zz induce a cype of pumping action. 
However, the intensity and frequencies used in the 
examples are quits high, which generates heat and 
decreasing transport over time. Electroooraticn is 
35 ceneved to work in part by creating transient 
pores m the lipid bilayers cf the SC 'Burnett 



25 



30 



(1989) i Iontophoresis provides 



an electrical 
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anvir.r ::r:2 move compounds . Ilecc rcpcraticn 
involve- -?:::3Cion o: eie-n: field pulses rr.at 
create :r:ns:£r.: aqueous pathways :r. i.pid biiayer 
membranes. ;ausing a temporary alteration of skin 

c^-w^.rsr.cs cr aqueous pores mav 
allow ::Mr.3c-3rT.ai permeation c: neutral molecules 
by a:::u:;:r.. the transport :t charged molecules 
during p--::-: occurs predominant iy icy 
electrophoresis and eiectrccsmcsis . In some cases, 
10 high ctror.gtr.s of the physico-chemical forces ; f or 

ictricity, ultrasound) are reauirsd to 
ven drug dose transdermal ly . However, 
- t rengtn of these phyoicc chemical 
--in D2 usea is limited bv their adverse 
physic effects. 

~ c ~~ : ~ 7-7, a better selection of ultrasound 
parame . o needed to induce a higher enhancement 
of tra ~- - - rma. drug transport by soncphcresis . 
Moreover ..though efficacy to some degree has been 
observoo .nr.r ultrasound for transport of other 
:e efficiency cf transport under 
acceptable to patients has net been 



examp 1 o . 
deliver 

the mgr.- 
force: ;. 



comocur.c: 



condit i cceptabi 

achieve z 

■ :erefora an object of the present 
25 invent i : r. - ; provide a method and means for 

enhancir.- - ransdermai transport for transdermal 
drug o-.. ?ry and monitoring of "anaiyte. 

It it a further object of the present 
invent i m to provide methods for using ultrasound 
30 in ccxci nation with ether means of enhancement fo: 
drug deliv-v and coilecticn of ana.yte in an 
efficient, practical manner. 

.t io a further object of the present 
invention provide an improved, painless method 
->=> ror detaining a patient sample for measurement cf 

. clood cr other body fluids. 



anaivtt s 
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Summary of the Invention 

ieverai means for enhancing rranscierna. 
transport -f drugs and analycss have been 
developed, including -he use cf lew frequency 
ultr3sour.: . chemical "cdifiers cf cerneabiiitv 
ax?.d/cr :3v;:st:cr.. isr.s=?horesis and/or 
eleccrcpcraticn i-iec;:r:c fields), pressure ar.c/or 
vacuurr, physical enhancers: . and magnetic farce 
fields. Applications cf low- frequency 
(approximately 2 C KHz to l MHz ; ultrasound enhances 
transderr-ai transport cf drugs and measurements of 
Che concentration cf analytes :r. body fluids such 
as bionn -r lymph. lr. a preferred eTxodiner.: . the 
ultras:.-: ^ low frequency ultrasound which 
induces cavitation, thereby increasing the 
permeac:..:y cf the stratum ccrneum. Deliver-/ can 
be furtner enhanced or contrciied through the use 
of carriers for the drugs, such as liposomes cr 
tnicrctarticies, using a wide range cf ultrasound 
frequency ranges and intensities. The 
microparticies are preferably small, and may have 
surfaces with increased hydrophilicitv or 
lipopr.i__nty to further enhance transport. 

Transdermal transport of rr.ciecuies durincr 
sonopneresis ( deliver;/ or extrsztion) can be " ' 
further ennanced by providing chemical enhancers 
which ..-.crease the solubility cf the compound to be 
transported and/or lipid bilayer solubility, or 
additional driving forces for transport, such 
mechanical force fields, magnetic fields or 
lontcchcresis . 



Transcermai transport of molecules durincr 
sonopneresis (delivery cr extraction) can be 
further enhanced by the application of an electric 
3 5 field, fcr example, by iontophoresis cr 

electrcpcration. Still further enhancement can be 
obtained using a combination of chemical enhancers 
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and/or ^gnc::: field CRft eieccr , c fl3id and 

ultrasound . 

Examples using l zw frequency uicrasour.c 

-.. . ~.r_ ana i.- r;vo aamr.:scr3:ion of 
inSUiln fnolficuiar wewh: 6.0C0 D! , and ir. vi crc 
adxir.iscra-j.c:-. -f gamrna interferon ( mole— ; a~ 
weight: 17,000 and ervc hrccceicm molecular 

weight 43.030 £^?i as using low frecusr.cv 

ultrasound a. so demonstrate measurement r'f biood 
glucose i., v: err and i- vivo . Additional examples 
compare the effects and mechanisms cf L) a series 
of chemical er.nancers, and Hi; -he ccr-ir.at i- r of 
these er.nar.cers and tnerapeucic ultrasouas 1 MHz. 
1.4 W/ct.2! --. transdermal drug transport. 
Initial.- ccmprer.er.sive experiments were performed 

i..wae. = , .orticcstercne. and a series of 

chemical enhancer formulations, includinc 
polyethylene glycol 200 cilaurate ( PEG) , \sooroovl 
myristate ■ i K) . glycerol trioleate (G7) . echanoil'pH 
7.4 phosphate buffered saline m a one-to-one 
(50% etnanoi). 30% ethane! saturated with Imoieic 
acid (LA/ethanol. , and phosphate buffered .saline 
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(P3S! ; examples using two model comDcur.cs. -alc-in 
and suipncrr.coamin,. demonstrate that tranwermai 
traaspcrt enhancement induced by simultaneous 
appii.aticr. cf ultrasound and electric pulses is 
higher than cnat due to electric pulses or 

ultrasound alcn e i nn i ^ _ - 

nppii.a.ion or u_crasounc 

reduces the threshold voltage required for the 

onset cf caicem and suiphorhodamine transport m 

the presence cf siectric fields. 



Brief Description of the Drawings 

Figure la is a graph cf the amount cf insulin 
transported across human skin (in vitro; m the 
presence of ultrasound KHz , 100 msec pulse's 

aDpiieci ever; - ca.-^~ , 

au . aricus intensifies (■ 



SUBSTITUTE SHEET (RULE 26) 



WO 97/04832 

PCT/LS96/I2244 



12.5 mW/cm-. ♦ - ^2.5 nW/crr.-. • - 125 mW/cr.v and a 
- 225 mW/cm-: .n = 3--:. error cars indicate £2 
•.Standard Deviation) ) 

Figure ic is a gracr. cf -ha variasicr. cf the 
= transdermal :.r.suiir. permeability ( in vie — : with 
ultrasound intensity > zi- KHz. 100 msec pulses 

- - j5co — • r.«<--. error oars indicate 

SD.5 Note that the s.-:ir. 13 1 -permeable tt insulin 
at an ultrasour.d ir.cer.sitv =0 

- ~ - ~ s a ? ra P" " giucose concentration 
in the doner compartment measured as percent of 
received glucose) ever time -.mutes, in an in 
i'i trc system . 

.-igure j is a grapn :: glucose concentration 
15 m che donor compartment ,-g/dl) after ten minutes 
as a rur.ctizn cf glucose concentration in the 
receiver compartment (mg/di; . 

Figure 4 is a graph cf solubility img/ml) for 
corticosterone. dexamethasone . and testosterone in 
PBS (dark car) . 50% ethanoi .hatched \\\) and 
linoieic acid in 50% ethanoi striped ||||). 

* r - ( ? urs = - s 9-aph cf the cermeabiiitv 
enhancement fcr testosterone 138.4 Da), 
~ :3r '- - =z::z -' :: -"° '346.5 Dai , dexamethascne ::-?2.5 Da) 
25 m ccnoir.aoior. with iincieio acid -dark cars: and 
ultrasound in combination with linoieic acid 
enhancement \\\) 

Figure 6a is a graph cf enhancement log 
scale) versus molecular weight (Da). Figure 6b is 
30 a graph cf permeability enhancement versus 
molecular weight (Da) 

Figure ~a is a graph cf fraction cf 
corticosterone transpcrted versus time 'hours). 

Figure 7= is a graph of the fraction of 
corticosterone transported % versus time -.hours). 

Figure 3 is a grapn cf tne fraction cf 
corticosterone transported f% versus time -hours). 
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*" 1< ?- r - - ~o a graph cf the amount of caicem 
:rar.3?cr:sa m one r.:ur ( fraczicn :: the amount m 
tne ccncr :■: i : D ) ::r stnopnoresis aione, 
ion tccr.c res is aione. -.nd scnoohcrssis in 

. - :onu3:r*2:::r.. witn ;;-::;nor=3is 

r igure _ is a graph z z the glucose 
ccacsr.:ra:;:r. m tr.e ::ncr .fraccz.cn cf receiver 
concsr.:r::::n: . 

Figure ^ la is a rrapn zi suif crhodamine 

10 f lux/ . cm-r.: ever :;t,9 iseccr.dsi for 

elec:r:c:r^:;:n c: suifsrhcaanms, followed bv 
ap?:::3:::r. c: e i ectr „ 3ra _ lc „ _ c3m bmacicn with 
u::ra = :^r.a. After = 2! 3ec cf passive diffusion, 
puisec u.crasounci yjiz. 2 0% duty cycle. 2.5 - 2.9 

15 tf/c— -as -urned on :;r 2750 sec. The ultrasound 
was zzz at 2752 sec. High voltage pulsing 

was turned at £900 sec for 1 hour (10,500 sec 
end :: e 1_ ccroporaticr. pulsing) . Ultrasound (1 
MHz, :.5 cm- 23% duty cycle, 2.5 - 2.9 W/cm : ) was 

20 ' turr.ee ::. again at 14,210 sec, eieccroporat ion was 
turr.cz again at 15,200 sec while the pulsed 
ultrasound was on. At 15,440 sec the ultrasound 
wave w^s cr.anged from pulsed to ccr.tir.uous while 
L ** e ~ — ^w-cr. continued. 

- 5 rigur= l.c is a graph cf the time variation of 

cauceir. : _ ux :r. the presence of electric fields 
alcne :•: and during simultaneous application of 
ultrascur.:: and electric field (C) (1 MHz , 1.4 W/cnr, 
continuous application, and electric field, 120 V 

30 across tr.e s-cm, exponentially decaying pulse with 
a tirr.e constant ;rj cf i millisecond, one pulse 
applied every -mute. . Ultrasound was ON all the 
time -.2: . Electric voltage was turned ON at time 2 
and was turned OFF at 1 hour in both the case <0 as 
3 5 well as x: . Presented as r.eans and S.D. of at 
least t.tree repetitions. 



SUBSTITUTE SHEET (RULE 26) 



WO 97/04832 

PCT/US96/I2244 

10 

'" 1?Ura ilc - rime •a«ati=n of suiphcrhcdamine 
flux i- -_r.e presence cf electric field alone < X ) 
and dur:-= simultaneous application cf ultrasound 
_ «a 6:e::r: : :- ei d - yHz , - >4 w/cm , ( concinucus 

= appi-a =1=r .. dnd electric fiald> - Q0 v acrcs _ 

skin, -ixccr^r.c'a i ]■• 

x. -ecavir.g cuise with a time 

constiar. i ' ' c r i •** • * * 

x -=eccna. cne pulse apoiied 

ever/ r t ^ 

Ji --scur.c was C!I all the t;xe (0) . 

else w r i r v ~ ' r aa° .. r ~ ^ . . _ . „ 

ag ^- " as --rr.ee ON at cime O and was 

10 tarnea .t : hour in be- tr.e case (0 as well as 

X) . Presented as rr.eans and S.Z. of at lease three 
repet 

-;r_r-- ::a and lib are graphs cf caicair. and 

- u - ----v over time nours; , 

-5 resDe — j _ 

* • -^j-n oamcies were exposed 

conc:.-.-.:-:.y zz electrccoratior. .electric field 

(750 v ±z?zzs the chamber, equivalent: to 

appr=v:r 3 : 2;v 210-220 voles acrcss the skin, 

expcr.er.tii.lv decaying pulse wich a time constant 

20 (T> ° r 1 "—-second, one pulse applied every 

minute :.- 3 tcr.t mucus ultrasound (1 MHz , 0.8 cr, 2 

W/crr.- : Jn d ccn- — -. _ , ... ^ 

t-wn, . 0 ,;•:) wnere the skin was 

..sits aione. 

r --- r - " J " 3 a = ra P~ =f the variation cf the 
transfer-,, -iuiphoratdamiaa flux with the aociied 
eieccnt :-id :i00 V across the skin, 
exponent.,.:,- decaying pulse with a time constant 
(t) cr i .illisecor.d. one pulse applied every 
minute; ■_- the presence (0) and absence (X) of 

3 0 ultra sour, t . 3 »-escrf« 

-eser.tsa as means and S.D. of at 

1 S3 s c t. "r-2° ^^rs^*" 

ncur- 14 is a crapr. showing the variation of 
the r.crr-.a..z3a transdermal calcein and 

„ * ^ ux u -*<*er a variety cf conditions. 

35 A- in tr.2 presence cf ^ ■ , . 

^ - iec £-eld alone, 5- m 

the creser.c-3 c~ ulr* ^ . 

uiL,acOu:.a ana eieccr;: field, C- 

■ " ~- L i-asour.d alcne, Z- in the 
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absence c: u.crasouna and ^sctr;: field. The 
transdermal :aicem and suiphcrhcoaminc fluxes have 
been r.crr.anzsa by the corresponding fluxes prior 
to app;::ani:n cf ultrasound, :hac is, at the end 
of C.3 hours. This was done assise comparison 
or the relative charges m t ranscerrr.ai flux under 
different jend it ions . 

Detailed Description of the Invention 
Sonophoresis : 

As used herein, sonophoresis is the 
app:::a:::r t ci ultrasound the skin, alone or in 
cor^ir.a:::- vitn chemical' ennancers, iontophoresis, 
eiectrcpcraticn , magnetic fcrce fields, mechanical 
pressure fields or electrical fields, to facilitate 
15 transport zz a compound through the skin. In one 
embedment, a drug, alone cr in combination with a 
carrier, penetration enhancer, lubricant, or other 
pharmaceut icaily acceptable agent for application 
to the skin, is applied to the skin. In another 
20 embodiment, the compound is an analyze such as 
glucose wnich is present in a body fluid and 
extracts cy application cf the ultrasound, alone 
cr :r. come mat ion with other forces and/or chemical 
enhancers . 

25 'witrasound is defined as sound at a frequency 

of between 2 0 kHz and 12 MHz , with intensities of 
between creater than : and 2 W/cirr. Ultrasound is 
preferaciy administered at frequencies .cf less than 
cr equa- to about 2.5 MHz to induce cavitation of 
30 the skin to enhance transport. Exposures are 

typically for between 1 and ItO minutes, but may be 
shorter and/or pulsed. 

As used r.erem, "low frequency' sonophoresis 
is ultrasound at a frequency that is less than 1 
MHz, -ore typically in the range of 20 to 40 KHz, 
which ran he applied continuously or m pulses, for 
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example. ioo msec puises every second, 
intensifies Che range of between :er: and 1 
W/cir.v -ore typically between 12.5 mW/crr.- and 22S 
mW/crr.-. it should be understood that although the 
5 normal range c: ultrasound begins at 2: kHz. one 
could achieve ccrr.parabls results by varying the 
frequency zo slightly more or less than 2Z kHz. 

Many ultrasound devices are available 
commercially which can be used in the method 

10 described herein. For example, the ultrasonic 
devices used by dentists to clean teeth have a 
frequency of between about 25 and 4 0 KHz. 
Commercially available cortacie ultrasound cooch- 
brusnes ra*e use of a small sonicator contained 

IS within r.r,e tcoth- brush ; Sor.ex International 

Corporation) . This sonicator is portable and 
operates cn rechargeable batteries. Small pocket- 
size sonicatcrs carried by patients and used to 
"inject" drugs whenever required could be readily 

20 adapted fr=x these devices. In addition, these 
devices could be combined with sensors that can 
monitor drug concentrations in the blood to 
formulate a self - controlled drug (insulin, for 
example; delivery method that can decrease the 

25 attention required by t.-.e patient. 

Devices typically used for therapeutic or 
diagnostic ultrasound operate at a frequency of 
between 1.5 and 10 MHz . These devices can also be 
modified for use at lower frequencies. The devices 

3 0 may optionally include a reservoir for an 

ultrasound gel. which will typically have an 
acoustic impedance like water, or a reservoir for 
collecting analyce, 

Although principally described herein as the 
35 combination of ultrasound with an electrical field, 
chemical enhancers and physical enhancers can also 
be used in combination with ultrasound. Phvsical 
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ennanzsr:. used hsreir., m addition to 
ioncc:":res:: and aiectrsporacisn, include magnetic 
cie - c: "^-^anicai pressure cr vacuum. 

Jltrascur.: - - used co permeabiiice the skin 
o rol-cwe- tne application cr various ::rce f lelds 
co ?r:v::-; -::a::::nai driving force fcr transdermal 
crans:::: molecules . 

Chemical I chancers . 

Lipid Eilayer Disrupting Agents . 

1C Chemical enhancers have been ::unc to increase 

arug cy different mechanisms. Chemicals 

whicr. ;:r.:r.:-2 permeability through lipids are >:nown 
ana :: — -:r::-^.y available. Fcr example, etnancl 
nas c-:er. : lur.c tc increase the solubility cf drugs . 

15 up c c . ~ z ~ - c id and yield a 140-fcid flux 

mcre^c- : -est radio., while unsaturated fatty 
acicc ceen shown to increase the fluidity of 

lipid : ..-/ere (Bronaugr. and Maibach, editors 
(Marc:. <<er 1989) pp. i-i 2 ). Examples of fatty 

20 acids -.mi- -isrup: lipid bilayer include linoleic 
aexc. ::::: acid, iauric acid, and necdecanoic 
acic, can be in a solvent such as ethane 1 or 

propy. -r.ycci. Evaluation of puoiished 

no-rrfn - - — ■■— - • ..... 

- ----- ^ . g npic bilayer disrupting 

25 agent- .::es very well with tne observation cf a 
size -:c-r.cence cf permeation enhancement for 
lipopr. i._; compounds. The permeation enhancement 
of tr.re- ii layer disrupting compounds, capric acid, 
lauri- and neodecanoic acid, in propylene 

30 giyec. .-.-3 seen reported by Aungst, et al. Pharzr.. 
Res ' "l--"13 H990). They examined the 

permeacil.ty cf four lipophilic compounds, benzoic 
acid it: la), testosterone (238 Da,, naloxone 328 
Da), and : r.ccme thacm (359 Da) through human s>in. 
35 The permc-acility enhancement z f each enhancer for 
each true was calculated acccrdina -2 £ =P '=> 
where :3 .3 tne drug permeability from the 
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enhancer.- propylene g.yccl formulation and F_ 7 13 che 
permeability from propylene glycol alone. 
The prirr.ary mec.-.anis- by which unsaturated fatty 
acids. sue.-, as iincieic acid, are thought :c 
5 enhance s,:ir. termeacilicies is by disordering :- s 
incer:ei.u;ar l_pid domain. For example . detailed 
structural studies 1: unsaturated fatty acids, such 
as oleic acid, have c=en performed utilizing 
differential scanning caiorimetry (Barry J". 

10 Concrcilea Release i. S5-97 (1987)} and infrared 

spectroscopy ' Ongpipattanankul . etai., Pharir.. Res. 
8, 350-3E4 ,133-:.; Mark, at al.. J". Control. Rei . 

" ' - -j.eic acis was round t z 

disorder r.igniy ordered SC lipid bilayers . and 

15 to possicly form = separate, cil-like phase 1.- the 
interceii__ar domain. SC lipid bilayers disordered 
by unsaturated fatty acids or ether bilayer 
disrupts— may be similar in nature to fluid phase 
lipid bilayers! 

20 A separated oil phase should have properties 

similar :: a bulk oil phase.- Much is known about 
transport fluid bilayers and bulk oil phases. 
Specifically, aiffusicn coefficients in fluid 
phase. ::: sample, dimyristoyiphosphat idylchciine 

25 (DMPC: -Havers Clegg and Vaz In "Progress in 

Protein -Lipid Interactions" Watts, ed. {Elsevier, 
NY 1555) 1-3-229; Tocanne, et al., FSB 257, 10-15 
(1989) and in bulk cii phase Perry, et al., 
"Perry s Chemical Engineering Handbook" (McGraw- 

30 Hill. >:y -.?34) are greater than those in the SC. 
and more importantly, -.hey exhibit size 
dependencies which are considerably weaker than 
that =f SC transport -Casting, et al., In: 
"Procrugs: Topical and Ocular delivery" Sloan, ed. 

35 (Marcel Eekker, I7f i= 32 ) 117-151; Potts and Guy, 
Phar-. Res. =. 653-33:- (1992); Wilischut, et al.. 
Chmmspnere 30, 1275-1296 (1995). As a result, the 



WOV7/04W2 ^ A PCT/US96/I2244 



cirrus ior. ccsrriciar.r of a giver, soiucs will ca 
greansr ir. a fluid biiayer. :uch as DMPC, :r a bulk 
oil pnase c.-.an ciie SC. Due zr.a strcr.g size 
deper.dsr.es r. t S~ transport, diffusion ir. £C lipids 
is considerably slower rrr .Larger campeuncs. while 
transport: ■_- fluid DMPC biiayers and bulk cii 
phases 13 only rcderarely lower zzr larger 

CGTItpOUnOS . . llS "lf~2»"0"^-=> 'i-. o r- usa 1-1 -'—a ' f — 

coeffizienc ;r. me SC and chess in fluid D:*?C 
bilayers cr bulk oil phases will be greacer for 
larger ^iutes, and lass for smaller compounds. 
Therefore, the enhancement ability of a biiaver 
disordering compound which can transform the SC 
l-P-- 3 c: - a ': /er£ ir.ee a fluid biiayer pnase cr add a 
separate cui/*. cu pnase should exhibit a siza 
dependence, with scalier permsaoiiir/ enhancements 
for small compounds and larger enhancements for 
larger compounds. 

A comprehensive list of lipid biiayer disrupting 
agents is described in European Patent Application 
43,7_>3 (1382), which is incorporated herein bv 
reference. Exemplary of these compounds are chose 
represented by one formula: 
R- X , 



20 



30 
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wnerem r. is a straight - chain aikyi of aoout 7 
to j_c career, atoms, a non- terminal alkenvi of about 
7 to 2 2 carbon atoms, or a branched-- chain aikyi of 
from aoout 12 tc 22 carbon atorr.s , and X is - OH, 
- CCOZK,, -COOC : K s , . 0CCCH 2 , - SOCK., - P(CHJ 2 C, 
COCC.K.OZ^OK , - 7C0CK (CHOH) ,CK 2 OK , - CCOCH ; CECKCH, , 
COOCK.CHCCR" : 2H 3 0R". - ( OCH 2 CK 2 ) r ZK , -COOP.', or - CONR ' 2 
where R' is H, -7H 3 , . c 2 H«, - : : H, cr - C 2 H,OH; R" is 
-H, or a ncn- terminal alkenvi of about 7 to 22 
carbon atoms; and m is 2-€ ; provided that when R" 
is an alkenvi and X is -OH or -COOK, at least one 
double cend is in the cis -configuration . 
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Solubility Enhancers 

Suitable solvents include water; dicls . such 
as propylene glycol and glycerol; mono-aicshols. 
such as ethancl. cropanci. and higher alcohols; 
= DMSO; dimethyl fcrmamide; , N -dimethyiaceta-ide ; 2- 
pyr r o i - do r. e ; M - ( 2 - hydr oxy e c hy 1 :• pyr r c i i done . M - 
methyipyrrciidcne. : -docecylazacycloheccan- 2 -one 
and otner n-subs- tuted-aikyl-azacycicaikyi-2-ones 
and other r. - subst i tuted- aikyl - azacycloalkyl -2-ones 
10 (azones) . 

U.S. Patent Ko . 4.527,775 to Cooper contains a 
summary c: prior art and background information 
aetai:;r.q t.-.e use of certain binary oystems for 
permear.t enhancement. European Patent Application 

15 43,73 3. ^iso describes the use of selected diois as 
solvents along with a broad category of cell - 
envelops disordering compounds for deliver-/ of 
lipophilic pnannacciogicaily- active compounds. A 
binary system for enhancing metaclcpramide 

20 penetration is disclosed in UK Patent Application 
GB 2,153.223 A, consisting of a monovalent alcohol 
ester cf a C3-22 aliphatic monccarbcxyiic acid 
{unsaturated and/or branched it C18-32) cr a CS-24 
aliphatic r.cncaicohci (unsaturated and/or branched 

25 if C14-24) and an K-cyciic compound such as 2- 
pyrro ii dcr.e cr K-methylpyrrolidone . 

Combinations of enhancers consisting cf diechylene 
glycol monoethyl cr monomethyi ether with propylene 
glycol monoiaurate and methyl iaurate are disclosed 

3 0 in U.S. Patent :: 0 . , 973,468 for enhancing the 
transdermal delivery of steroids such as 
progestogens and estrogens. A dual enhancer 
consisting cf glycerol monolaurate and ethane! for 
the transdermal delivery cf drugs is described in 

3S U.S. Patent Mo. 4,820,720. U.S. Patent No. 

£.006,342 lists numerous enhancers for transdermal 
drug administration consisting cf fatty acid esters 
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or fautv aiccr.:; etners cf C : C, aikanedicis , 
where each fatty acic/aiccnci portion of cr.e 
ester/etr.er cf aoou: s to 22 careen aeons. U.S. 
Patent ::c 4. 363, 5^0 cisclcses penetraticn- 
5 enhancing compositions fir topical application 
mciucir.c an active permeanc contained ir. a 
penet rat i ;r. - er.nancir.c vehi tie cencaining specif led 
a ino u n c ,~ one c r nr, o r ^ ^~ ^ *■ * - ^ - c *i q discro^^*"*'"" 
compcur.ee sum as oieic acid, c ley I alcohol, and 

10 glycerol ^scers cf cleic acid; a C\ or C, aikanoi 
and ar. mere diluent such as water. 

Ctner 3r.err.1cal ennar.csrs . not necessarily 
asscciacec v:;- cmary svscems . include 
d;mecr.v.Gui;;:.::-2 ' 2XS0) :: aqueous solutions cf 

15 DMSC : - ::r. as chose descrioed m U.S. Patent Xo. 

3,551, EE-; i z Herschler; U.S. Patent !Jo. 2 . 711 , ~ C2 
to Herocnler; and U.S. Patent .\"o . 2,711,606 tc 
Herscr_-2r . and the azenes \ n-sucstituted-aikyi - 
azacyclcalkyi -2-onesi such as noted in U.S. Patent 

20 No. 4, 5 5 "".34 3 to Cooper. 

Some cr.e~icai enhancer systems may possess negative 
side etccccc such as toxicity and skin irritations. 
U.S. .-atent r.'c . 4,555,238 discloses compositions 



tor re:u:;-7 



ritaticn causea cv cnemcai 



25 enhancer - - "taming compositions having skin 

irr::a:::r. properties with an amount of glycerin 
sufficient provide an anti - irritating effect. 
Combinations of Lipid Bilayer Disrupting 
Agents and Solvents 

30 Passive experiments without ultrasound with 

polyethylene glycol 2Z0 dilaurate (PEG), isopropyi 
myrisrate ■' I M J , and glycerol trioleate (GT1 result 
in corti ccoterone flux enhancement values cf only 
2, 5, and 2.1, relative tc the passive flux from 

35 PBS alone. However, E0% ethane I and LA/ethanoi 
significantly increase corticosterone passive 
t-uxes cy t actors of 4o and 900. These cassive 
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flux er.r.ar.= SM r.:s were due tc ■. 1 ) the increased 

-liny m the enhancers, and (2) 



cor::::::er:r.e soiub 



incerac:::r.3 cf iincieic acid with the skin. 
Spec:::;ai;y. -incieic acid increased the 
corc:::s:2r:-f ?er-eaai:;:y by nearly 20-fold over 
that: rrc- -thar.ci alone. Therapeutic 

ulcrasou-: - MHz . _. 4 w/cn-> and the chemical 
enhancer c utilizes together produce corticosterone 

fluxes z-.-zn P~£ - -.- - _„ . . — -u-.- 

»• • . ana _ - tr.at are greater 

than c.-.e passive fluxes from the same enhancers by 

factcre between 1.3 and 5.C, indicating that the 

bener a. -erreccs c; chemical enhancers and 

cheracau::: -itrascund can be effectively combined. 

Ultras:--.: :: ~--" i =2 with 50% etnanci produces a 2- 

15 fold • i K3 -- . _ 

-i^- ... , costercne transport above the 

pass iv- -3e. cut increase by 14-fold the transport 
from LA, E-.har.cl. The combinat.cn cf increased 
cor::;::;ir:- 2 solubility in and permeability 
enhancement :rcm L_\/ethanoi and ultrasound yields a 
20 flux c: : i: n-.g/ctr/hr. 13, 000- fold greater than 

that rrc- === alone. The permeability enhancement 
resuitmr : rcrr. the addition of linoieic acid tc 50% 
e t h a *~ ~ 

• o a c.ear size dependence, with the 

degree -. : ^nancemer.t increasing with the size of 
25 the drug The degree cf permeation enhancement 

achieves . v adding imoleic acid to 50% ethanol and 
applying .-trasour.d exhibits a similar size 
dependence- . Ultrasound combined with 50% ethanol 
produced 3 2 -fold increase in corticosterone 
transport aoove the passive case, but increased by 
14 -fold t.-.e transport from LA/Ethanoi. The 
coitiDinatien ef increased cort icosterone solubility 
in and perrr.-acility enhancement from lA/echanol and 
ultrasound yields a fiux of o.is mg/crr/hr, 13 ,000- 
fold greater than that from P3S alone. In order to 
assess tr.e generality of enhancement ability of 
lA/ethanci and ultrasound, further experiments were 
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perfcrmeo witr. two aaditicnai model drugs, 
dexametr.asone and testosterone. As with. 
cor::;: 3 ;ercr,3, :.ia solubiiit 12s ir. and passive 

oermeabi 1 1 t les ---m r - „ • . , 

771 were much larger 

- than :r.os= -■'■^m p=c - • 

t- — a.cr.2 ;- r texametnasone and 

tescc2:ercr.s . ""ha ^-i , .... 

...n-;....r3::: ?ermeaDiii:iss from 

LA/ethanci were aiso greater ::r these two drucs 
"-hah the passive permeac • . :: ies . Moreover, the 
perrrsa^i.iy er.aancerr.snt3 tf the three drugs 
10 resulting from the addition ti liaoieic acid to 50% 
3thancl exhibited a clear 3-e dependence, with the 
degree :: annancener.: increasing with the size cf 
the drug. The degree cf permeation enhancement 
achieved cy adding Linoieit acid tt 50% ethane! and 
15 applying ultrasound exhibits a similar size 

deper.cer.ee. These results suggest that liaoieic 
acid and therapeutic ultrasound, which are both 
lipid cilayer disordering agents, shift the 
transport of lipophilic molecules from the passive 
regime tt a regime with a very weak size 
dependence . 
Mechanical Forces . 

Mechanical or Osmotic Pressure 
The advantages cf czrr 



20 



30 



^^-"incr soncpneresis with 
25 chysica. ennancers is not restricted tt electrical 
current. Effects on transdermal transport mav also 
be observed between ultrasound and pressure 
•mechanical or osmetic) as well as between 
ultrasound and magnetic fields since t.-.e physical 
principles underlying the enhancement are believed 
co be similar cr the same. A pressure gradient tan 
be used tt enhance ccnvecticn (physical movement of 
liquid; across the skin perr.sabiiized bv 
soncpneresis. This can be particularly' useful in 
transdermal extraction cf blood analytes . 
Appiicatitr. of pressure, for example, a vacuum or 
mechanical cressure. to the s>ir. pretreated bv 
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sonopnoresis car. result ir. cransdermai extraction 

of interstitial fluid which can be analyzed to 

measure concentration of varicus blood analytes. 

Eleccric Fields (Iontophoresis or Eleccropora cion ) 

Appi .cation c: ultrasound or electric current 

alone has been shown to enhance transdermal drug 

transport and blood analyte extraction. 

Ultrasound -induced cavitation occurring inside or 

outside the skin causes ennanced transport. 

Application of electric current enhances 

transdermal transport by different mechanisms. 

First, appiitation of an electric field provides an 

additirr.ai driving fcrcc : = r :r.e transport = i 

charges mo ie rules acrcss the skin and second, ionic 

15 moticr. due t: application =f electric fields may 

induce cor.vective flows across the skin, referred 

to as eiectrccsnosis. This mechanism is believed 

to play a dominant role in transdermal transport of 

neutral molecules during iontophoresis. 

Iontophoresis involves the application of an 

electrical current, preferably DC, or AC,' at a 

s ---' - r greater :.-.an zero up to about 1 

mA/cm- . 

Attempts have been made to enhance the skin 
25 permeability using electric current to achieve 

transdermal extraction of glucose, as reported by 
Tamada, et a_.. Proceed. Intern. Symp. Control. 
Rel. Bioacz. y.ater . 22, 129-120 (1995}. Although 
these attempts have been successful to a certain 
30 extent, the amounts of glucose extracted by these 
methods are several orders cf magnitude lower than 
those which could be detected by the currently 
existing biosensors. The mechanism of sonophoretic 
transdermal rlucose extraction is believed to be 
similar to that of sonophoretic transdermal drug 
deliver- 1 / . 
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-r. view cr this, the cumulative effect cf 
ultrascur.c and electric field may also oe related 
to cavi:::;:- induced by ultrasound exposure. In 
order :: test this hypothesis, electric pulses ;i00 

acr::: -~ - skit., l ms exponential pulse applied 
every nr.— -! ana ultrasound 12 MHz. 1.5 W/cir.-: were 
simuita.t-cuciy applied to skin, as described below, 
-t is knt'.-.-r. mat tne cavitationai effects vary 
inverse:;, -^r. ultrasound frequency iGaertr.er, v; . , 
10 Frequcr.cv impendence of ultrasonic cavitation, J. 
Acousz. . Am.. ;g • Q77_fln / t a.0.4 \ i m~ 

:ivicaticnal effects have ceen observed 
r.ign ultrasound frequencies areater 
: As a result, 2.5 KHz is considered a 
-^timate cf the upper freruencv limit 
for Turrence cf cavitation m fluids at 

the rape-v . : -icrascund intensities. Hence, if 
cavitati.. z .ays an important role, the synergistic 
effect : - -irasound and electric field should be 
20 nearly :::*r.: when 2 MHz ultrasound is used. 

Exposur: : ultrasound at 3 MHz (intensity - 1.5 
W/crr.v- r .zz affect transdermal transport by 

electri : - . e . c pulsing. These results indicate 
that .- . z n may play a ma]cr rcle :r. the 

~o synerr ; : - . . direct cf ultrasound and electric field 
Dulsm: . 



sign 

in flui" 
than _ . " 
15 reascr.at . 



."mation cf sonophcresis with an 
electric :.eld, and optionally, any cf these 
addle ie- e . p-ysical mechanisms for enhanced 
3 0 transpcrt crcvides the following advantages ever 
senopner:::: cr the physical enhancers alone: _) 
It axlcws . iwering application times tc deliver a 
given drur ::se cr extract a certain amount of. 
anaiytes "-"tared to the required tir.es in the 
3 5 presence -. : ultrasound cr one of the other 

enhance — A.er.e; ii) it reduces the rr.agnitude cf 
the require- ultrasound intensity and electric 
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current :r pressure :c achieve a given transdermal 
flux compared tc that required if. the enhancers 
were used alone; and iii) :t can he used tc provide 
a better ::r.;r:i over transdermal transport of 
molecules ccmpared tc that obtained using an 
enhancer a .one . 

The ::^binac:=r. zz electrical field and 
ultrasound can be applied tc any membrane. The 
membrane ran be skin, cell membrane, cell wall and 
other ciciogical as well as synthetic membranes. 
The electric fields can be continuous, pulsed, 
having r.icr. as well as low voltage. Application of 
uitrascur.c together with the electrical fields 
result higher flux compared to the flux 
15 observe- with electroporation cr ultrasound alone. 
The cr.se- time of transdermal flux during 
eleccrcpcration can also be reduced by simultaneous 
applications of ultrasound and electroporation . 
The erfect is more pronounced on less-charged 
20 molecules which by other enhancing methods are hard 
to ennance iontophoresis). The major limitation 
of elect rcporaticn are the high voltages required 
in order — cause significant effect. By using the 
conr.ir.-2c e:tects of ultrasound and electroporation, 
25 the intensity levels cf the electrical fields will 
be mucr. l;wer and therefore no or less damage to 
the rr.9mcrar.es will be observed. 
Magnetic Fields 

Application of magnetic fields to the skin 
3 0 precreacec cr in combination with ultrasound may 
also result m a higher transport of magnetically 
active species across the skin. For example, 
polymer microspheres loaded with magnetic particles 
could be transported across the skin using 
3 5 sonophoresis and magnetic fields. 
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Drug Delivery aad Monitoring cf Analytes 
Drugs to be Adalnxscered. 

Drugs cs acramis-ered include a variety of 
bioaccive agents, cue are preferably proteins or 
3 peptides. Specific examples include insuiir.. 

erythropoietin . anc interferon. Other iraterials. 
including nucleic acid molecules such as ar.cisense 
and genes -needing - naraoeut i c proteins, synthetic 
organic and inorganic molecules including- 
10 antiinflammatories, antivirais , antifungal. 

anticiotics, local anesthetics, and saccharides, 
can also ce administered. 

The crug will typically be administered in an 
appropriate ?harmaceutica_ly acceptable carrier 
15 navir.g an acoustic impedance similar to water, such 
as an aqueous gel. Alternatively, a transdermal 
patch sue- as the one described in the examples can 
be used as a carrier. Drug can be administered in 
a gei, ointment, lotion, suspension or patch, which 
can incorporate anyone cf the foregoing. 

Drug can also be encapsulated in a delivery 
device such as a liposome cr polymeric 
nancpartit.es, -icrcpart i cle , -icrccapsuie . tr 
microspheres (referred :: collective!'/ as 
micrcpartities unless otherwise stated. . i number 
of suitable devices are known, including 
micrcpartitles r.ade cf synthetic polymers such 
polyhydroxy acids such as polylactic acid, 
polygivcoiic acid and copolymers thereof, 
polycrthoesters, poiyanhydrides , and 
pclyphosphazer.ee, and natural polymers such as 
ccllagen. colyammo acids, albumin and other 
proteins, alginate and otner polysaccharides, ■ 
combinations tnereof. The microparticles can have 
diameters cf between 0.0C1 and 100 microns, 
althcugn a diameter of less than 10 micrcr.s is 
preferred. The microparticles can be coated or 
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formed c: materials enhancing penetration, such as 
lipophilic -acerials :r hydrcphilic moiecuies, for 
example, colyaikyler.s c::ide polymers and 
conjugates . sue- as cciy ethylene glycol. liposome 
5 are also commercially available. 
Administration of Drug-. 

The drug is preferaoiy administered tc the 
skin at a site selected based cr. convenience to the 
patient as well as maximum drug penetration. For 
10 example, the arm, -high, cr stomach represent areas 
of relatively cr.in skin and high surface area, 
while the hands and feet are uneven and calloused. 
In the preferred embodiment, drug is applied to the 
site ana ultrasound and electrical current apciied 
IS immediately thereafter. Other enhancers can" be 
applied before, during cr immediately after the 
ultrasound. Chemical enhancers are preferable 
administered during or before ultrasound. 

Based cn these calculations and experimental 
data, one can calculate the required dosage and 
application regime f= r treatment of a patient, as 
follows. a typical diabetic patient (70 K= weicht) 
taxes about 12 Units of insulin three times a day 
(total dose cf about :s Units per cay: cited m 
•World Book cf Diabetes m Practice' Krali. L.P. 
(Ed), Elsevier, 1988). if each insulin dose was to 
be delivered by sonophoresis in 1 hour, the 
required transdermal flux would be 12 U/hour. Note 
that i unit (i U) of insulin corresponds 
approximately to 40 M g of insulin. The transdermal 
patch area used m these calculations is 40 cm- (the 
area cf a transdermal FENTAITYL^ patch [ALZA 
Corporation;: . The donor concentrations used in 
these calculations are 130 U/ml in the case of 
35 insulin (commercially available insulin solution 
[Kumuiin]). 3 x 10' ia the case of -^-interferon 
(typical concentration of interferon solution 
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reccrr.er.aed by C-encyre Ccr?cra::cn) , and 3 x 10 s 
U/ml _r. cr.e case c: =rycr.r:po;ec:n [Davis, ec ai . , 
Bioc-arr.iscry, 2c33-2£33, 1387]. 

A c-.-picai *r - interferon dose given each time to 
5 patier.:: suzfenng from cancer :r viral infections 
is about = x 1CT 'J [.:. Grups , e: ai., Br. j\ Med., 
1989. -4 ■:■): 213-22:. 1 1 ; Parkin, ec ai. ( Br. 
Med. S.. 1937, 294: 1135- 1156] . Similar doses of a- 
inier::::n and ^-interferon have also been shown to 

10 enhance cr.e immune response of patients suffering 
from viral infections and cancer (cited in 
'Climoai Applications cf interferons and their 
inducerc Ed. Stnr.gfeilcw D . . .Marcel Dekker , ;;ew 
Yorx . -.36; : . If this interferon dose was to be 

15 giver. :y ccncphcresis m i hour, the required 

crar.s:-::-:. flux wouic be E x 12" U/hour. Mote that 
1 um: -r ''-interfere- corresponds approximately to 
1 pg c: -j- interferon . 

A typical daily erythropoietin dose given 

20 subcucar.eously to anergic patients is about 400 j 

(citec: m 'Subcutaneous Erythropoietin, Bcmmer . J . , 
Rite Z. .■'emreicn T . . Bommer G . , Ziegler T . , 
Lane - - • - 6 , -.988). if this dese was to be 
deiiverec m tnree :::;s, each involving 

^ 5 soncpnercsis tor i hour , the transdermal flux 

require c would be about 140 U/hour . Note that 1 
unit 2i erythropoietic corresponds approximately to 
7.6 nanograms cf erythropoietin. 

Opt it. a i selection of ultrasound parameters, such as 
30 frequency, pulse length, intensity, as well as of 
non-u_ci-asomc parameters , such as ultrasound 
coupunc medium, can ce conducted to ensure a safe 
ana eicicacious application using the guidelines 
disclosed herein as applied by one of ordinary 
3 5 skill in the art. 
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Analyzes co be Measured . 

« variety cr anaiytes are routinely measured 
in the cloco. iympn cr ether body fluids. 
Measurement- usually require making a puncture ir. 
5 order :: v.- -draw samoie. Examples of typical 

anaiytes -.-.it can he r.easured include blood sugar 
(glucose :.-.oiescer:;, bilirubin, creatine, 
various --caeoiic enzymes, hemoglobin, heparin, 
vicaroir. :: ether clotting faotors. uric acid, 
10 care ir.cer\c rye nic antigen cr ether tumor antigens, 
and van cue reproductive hormones such as those 
associate- — h ovulation or pregnancy. 

- :rug delivery, in combination with the 
*'■'"' c -°°d anaiyte measurements, may be 
- r - u _ a c e self - regulated drug delivery 
---r. provide a close control of the blood 
cie.-.s. minimal pain, and better patient 

: -'on -invasive blood analysis method 
extraction cf various anaiytes from the 
cerccicial fluids (where the anaiytes are 
- a concentration proportional to the 
-cr.tration) across the skin into a patch, 
■r :a:, where their concentration can be 
-cir.g oiosensors. This method of blood 
:a--rements shcuid be particularly useful 
3e : ; diabetic patients who require 
olood glucose measurements. 
Measureaent of* Anaiytes. 

The -.--trasound is applied to the sJcin at the 
30 site where tr.e sample is to be collected. A 

reserve— - r collecting container is applied to the 
site ::r eel lection cf the sample, which is then 
measured uoir.g standard techniques. The ultrasound 
conditions are optimized as in the case for drug 
3 5 delivery. -_ = maximize anaiyte recovery, while 

maintaining tr.e relative levels of the anaiyte to 
other ttrr.pcr.ents cf tr.a sample. Chemical and/or 
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?nys::ai ennancars are applied :: :r.e site before, 
nunnc and aftsr the ultrasound, preferably durinc 
or before :r.e ultrasound. 

The present invent;::, will be further 
5 :nders:o:i by reference the following non- 
limicir.g examples . 

EXAMPLE 1: in vitro administration of insulin. 

Materials and ^^-^ ; n v:vo as well as in 
vitro experiments were performed study the 
10 effect of low- frequency ultrasound en the transport 
ci msuim across the skin. In i r i err experiments 
were performed using human cadaver skin. The skin 
was r.-a: stripped by keeping it m water at 60cC 
zzr two mnuces follcwed by the removal of the 
15 epiderm.is. It was then stored at 4°C in a 

humicitiea cnamber. A piece of epidermis was taken 
out rrcm :.:.e chamber prior to the experiments and 
was mounted on the Franz diffusion cell (Crown 
Bioscience: ic Co.) which consists of two 
20 compartments , the donor and the receiver 
compartment . The human oadaver epidermis 
.separatee rrom the dermis by heat - treatment ) is 
mounted between the two compartments and is 
supported z y a Mylcn me so < Tetkc Inc.; to avoid any 
25 carnage. 7r.e skin was supported' by a nylon mesh 

Tetko mc. m order to a mimic the fact the skin 
m v:vc is supported by mechanically strong dermis. 
The compartments were then clamped together. The 
receiver oompartment was filled with 2% ESA (Sigma 
30 Ihemicais) solution m PBS . £ rma Chemicals) and 
the ccner solution was filled with 100 U/nl 
solution if human recombinant insulin (Hunulin 
Regular; . The ultrasound intensity, I , (Spatial 
Average Temporal Peak) was calculated from the 
35 values or the acoustic pressure amDiicude, P, 

measured using a hydrophone Hruei and Kjaer) using 
tne equation, . = p 2 / 2oc r where z is the water 
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density n cm/mil. ar.d c is the velocity of 
ultrasound ir. wacer ;L500 m/sj 

Ultrasound was :urned ON at a frequency cf 20 
KHz, in 1r.ter.s1ty varying ir. the range of 0 to 1 
5 w/c-- and i:v duty cycle. Samples (7:00 aii were 
taker, from the receiver compartment every hour to 
measure the concentration cf insulin in the 
receiver compartment . The samples were immediate ly 
frozen and vere stored at -20° C till thev were 
10 analyzed by RIA ( Lincc Research Co.:. Ultrasound 
was typically applied for 4 hours and was then 
turned OFF. Transdermal insulin flux was fcilowed 
for next two hours . 



20 



30 



35 



ie results are shown in Figures 1A 
15 and IE anc demonstrate that substantially greater 
transfer cf protein through the skin occurs in the 
presence cf ultrasound. Figures la and lb show the 
variation cf transdermal insulin flux across the 
human skin in vit.ro. Ultrasound (20 KHz. 125 
;nW//c ~*' 13 * s) w as turned ON at time zero. The 
insulin flux increased from below the detection 
limit to a value of about loo mU/cnr/hr m about 1 
hour ar.d stayed almost constant around that value 
as long as ultrasound vas c:?. Upon turning 
25 ultrasound - FF , the insulin flux decreases and 

achieves a value below cur detection limit within 2 
hours after turning ultrasound OFF. The skin 
permeaoilities to insulin at various ultrasound 
intensities were calculated from the amount cf 
insulin transported curing the first hour cf 
ultrasound exposure and are shown in Figure lb. 
The scnophcretic permeability varies nearly 
exponentially with ultrasound intensity, crcbablv 



due to a highly non- linear dependence cf cavitation 
on ultrasound intensity (Apfel, R. r EEE Trans . 

Ultrason. Ferrceleccrics Freq. Control 1986. 
UFFC-32, 139) . 
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■at ion c: ultrasound under these 
tic appear cause any permanent: 

loss t.-2 carrier properties of tr.e skin. The 
cransderTa. insulin flux proport icnal to the slope 
the c-r-s snown m Figure la J :::res hours after 
turninc --Izrascund C7F was statistically 

msig ta::t . To turther assess tne recovery cf 

t he skin ~->-^, QV - ^^.^ £.v-f-,~^ 

_ pe ~s arcer s:ncpnoresis, 

water :::."c:r: was treasured througn the skin 
10 durmc a:.: after ultrasound exposure (20 KHz , 125 

^• sec pulses applied every second) 
••-ater transport was measured usma the 

-tea ir* the insulin experiments. 

except --i- -r.e donor compartment was filled with a 
- m<-i-: - or radiciabeiled water ( 3 H). The 

concent r z : :r. :: water in the receiver compartxent 
was --as;--- using, a scintillation counter. 
During : --"tresis, a water permeability 
enhance-—-, :i 100 -fold was observed, of which 
20 about - 3- : % was recovered within 2 hours after 

.r -sound OFF and 9S t r 1)% was recovered 
within -.turs. These results suggest that 

~: ultrasound does not induce any long- 

— the sKin harrier crocerties. 
-.rar.saenr.ai insulin flux cf 100 
.-. sncuid be possible zc deliver 
therace.-... icses cf insulin cransdarmaily . 
Specif an insulin dose cf about 13 U/h (a 
dose ~ - - "" :e tc the estimated dese required bv a 
30 diabetic ci-.ienc if insulin is administered ac a" 
contr:i:c: rate: could be delivered from a patch 
having an irea cf 100 cm-. Accordingly, ultrasound 
intensity :r.ouid be useful zo control transdermal 
insuiir. de.iverv. 
35 EXAMPLE 2: Za vitro traas£er of other proteias> 

Met =.r.e rarp^Ms : The passive skin 

perrr.eaci 1 i-.y to r.iah-molscular weight proteins , 
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inducing z-cse mentioned above. is essentially 
zero ..below the detection iixic; . Tc assess 
whecr.^r acp:;ca::cr. cf ultrasound enhances 

~~o^e_ - -ux. -he sKir. permeaoili:v to 
5 these ^"teir.s ir. tr.= presence of ultrasound 1~ 
7ICrc -~ — 3s human ::daver epiderr.:: in a Franz 

Diffusion C'-^t r-y- n . ^ 

. — c*. jiass ^o^pany ; was measured. 

In separate experir.-r.es. the donor' compartment of" 
the ciffusicr. cell was filled with a solution c* 
10 insula. (100 U/ml. Humuiin Regular, Eli Lilly) y . 
interferon ; 2S 00 LYrr.i. C-enzyme Carp.}, or 
erycr.r:;32ic:r. '. 4 C C *j/mi . Amger. Corp.:. Ultrasound 
s - c s-— ses appusa every second; was 
appiiec. s -_ intensities the range cf 12.5 mW/csr- 
x5 22E rrw/c- rcr 4 hours using an ultrasound 

transducer VCX 4 00, Sonics and Materials) which 
was i^rsed in the doner solution. The transducer 
having an area cf aoout l cir was oriented 
perpendicular to the skin and placed at a distance 
20 of l cm from the ski.-. The concentration of 

proteins -r. the receiver compartment was' measured 
every .-.cur either by ?.IA or ELISA. The insulin 

e receiver ccmpart-ent was 

--, u_ Radio immune Assay (performed 

sea * c - A » St. Chanes ) . The 

interferes concentration was measured usina EI^ISA 
meched^deveioped =y Endogen Inc. and the " 
ervc -- r= ~~ ei --^ c =ncer.:racicn was measured by EL.ISA 
(performed at ARUF , salt Lake City,. skin 
permeabilities to proteins were calculated usir.tr 
the transdermal fluxes measured durir.c the first 
hour. The transdermal flux. can oe calculated using 
the equaticr.. J = DM/LLi where ^ ig the =f 

protein, transported per unit skin area during time 

35 The skin oerr,eab*"' : riPc ^ M „ u ^ 

o uies, can be calculated 

from :r.e transdermal r 'ux - 

fc * ux ' r during the rirsr -our 



of ultrasound appii ca - icn US1W the 



equation, 



30 



WO 9*7/04832 ^_ 

PCT/US96/12244 

31 

wners i: is the concentration difference 
across tna skin. 

— u - -- ■ ucraaouna application induces 
sigr.iricant rransdern-.al oemeacicn of insulin, y- 
5 interferon, and erythropoeit'ir. . As cemonstrated in 
Example 1. the r.uman skin parrr.eabi licy at an 
ultrasound ~r.cer.sicy of 225 mW/cnr is 3.3 X lO" 1 , = 
35%) cn/h to insulin. The permeability to y- 
mterrsrcr. under similar ultrasound conditions is 3 

i0 x 10 4 ,~ 22%) cn/h, and that :o erythrcpoeicin is 
9.8 x ic- ( £ 4C%) cn/h. with these skin 
permeabilities, it should be possible :o deliver 
these proteins cransdermally at a therapeutically 
relevant rate. The ability cf sonophcresis to 

15 deliver ether macrcmoiecuies may be estimated based 
on their aoncpr.cretic skin permeability which needs 
to be measured experimentally 'generally decreases 
with increasing molecular size) and the recuirsd 
therapeutic dose cf these macrcmolecuies . 

2 0 EXAMPLE 3: Transdermal glucose extraction by 

sonophoreais ia vitro. 
Application cf low- frequency ultrasound can be 
used t= extract glucose across the skir.. thus 
maxmc ncn - invasive transdermal blocc glucose 

25 monitoring potentially feasible. 
Materials and Mgrbn^o • 

In Vitrc Transdermal Transport Measuresiencs : 
Transdermal transport of a i4 c labeled (New 
England Nuclear; as well as ncn- labeled (Siama 
Chemicals: was studied in the presence as veil as 
in the absence cf low- frequency ultrasound. The 
permeaoiiity experiments were performed in vitro 
using human cadaver skin obtained from local 
hospitals. The skin was heat stripped by keeping 
the full -thickness skin in water at SG°C fcr two" 
minutes followed by the removal of the eoidermis. 
The skir. was then stored at 4°C in a humidified 
chamber tor up to 2 weeks. A piece of the 
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epidermis was taken cue from the c .-.ameer prior to 
che experir.er.es and was mounted or. a Franz 
diffusion csii :Crown Glass Co., .-DC ZOO). The 
Franz diffusion ceil consists of cvo ccmparcmencs . 
-he doner and che receiver compartment- . with che 
stratum ccraeua faci.-.c che donor compartment . The 
skin was supported by a nylon mesh (Teckc, Inc.) CO 
avoid any damage due co possible mechanical 
oscillations upon ultrasound application. The 
donor and receiver compartments were chen clamped. 
The receiver compartment was filled Phosphate 
Buffer Saline (FBS, phosphate concentration = o.Ol 
M. MaCl rcncar.traticn = 0.13 7M) 'Sigma Chemicals 
-o.) .he cener ccmpartment was filled wich a 
15 soluci — of either radioiabeilsd glucose (l mCi/ml) 
or ncn- labeled glucose (concentration m che range 
of 5 0 r.g/di. to 3 00 mg/dL) in separate experiments. 
The concentration of the permeant in che receiver 
compartment was measured every 5 minutes using a 
scintillation counter (model 2000 CA. Packard) in 
the case cf radiolabeled glucose and using a 
commercially available kit (Sigma Chemicals') in the 
case c: unlabeled ciucose. 

ultrasound was applied using a scmcacor ',VCX 

25 400. ionics and I'atP'iaiei _ c 

'■<*■<-*= — ais; -pera>_ing at a frequency 

of 2 -j VJF.z . The ultrasound intensity was measured 
using = hydrophone (Model 3106. Bruel and Kiaer) . 
RESULT- 

Figure 2 shows the glucose concentrat icn in 
the donor ccmparcmer.t (represented as percent of 
the glucose ccncer.tration ir. che receiver 
compartment; attained at different times during 
transdermal glucose extraction experiment. The 
figure snows that even a 5 minute* ultrasound 
application (20 KHz. 125 mW/cnr. continuous) results 
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concer.zra:::- m tr.e c:ncr ::r.;ar:-er.: after 5 
minutes soncchoresis ace-- n = — ---^ 
~.e e . .cs?ar:r.sr.t. After i: minutes, -he 

glucose -ncsntracicr. ir. t-- ---it -~-ma~— 

* 1 — .iw-i. — .mpar _rte:.t was 

about ~- r ~" ' ■ — - - 

^ ' "* 4ac ^--2 receiver crxparn^er.:-. The 

, r nis range can ce measured 

- — sensing r:ec:r:aes ( and can 

be calibrated t~ ^-s; 

- ciccc giuccs- 

levels . 

=uio^.^ c: giucose extracted by 

sonopr.c res is ■j.nd^r- = _ 

- --cn varaes in the 



20 



different doner: 



case " ~~ = > r» r 

4 "-' s -SD.:. -r.\'ever, tne variation 
-n .r.- : : s;<ir. obtained from the same donor is 

' ' - nu -> --aicatmg tnat it snouid be 
possibl= :: achieve reliable estimates of glucose 
concentrations cased :r. transdermal glucose 
extract — after performing calibration in vivo on 
the patient's skin. 

Additional experiments were performed to 

assess ■.•. n° r ^^ v - - * & 

_.e cxa.cunt st g.ucose transported by 

soncphoresis is cropcrtionai to the glucose 

■ • * >- e . . ■ — — ~- in the rscsivsr ~ cmc a 3 ***■ ~ — 

sspcra: : -xccrir.sncs , -i uc . 50 .■ ^ _ 

"~ receiver :::uti;- was varied £0 tr.g/dL tc 250 

ng/dL --..-picai variation ir. the blood glucose level 
of a c:ace:i: patient: and performed soncphcresis 
using .-—a sound (20 KHz , 12S ~W/cr, continuous) 
for :: -mutes. Figure 3 shows chat the glucose 

30 concentrator, attained in the donor compartment 10 
minutes after soncphcresis ( represented as 
percentage c: the glucose concentration in the 
receiver compartment, increased from 0.5 mo/dL to 
6.5 xg.-dl as glucose concentration ir. tr.e receiver 

35 compart-ent increased from 50 r.s/dL 350 mg/dL. 

The l-r.e shown in Figure 3 represents tr.e best fit. 
These rasuits show chat the amount =f riucose 
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extr^czez across .-unaa skin is proportional zo the 
gluccce ::ncsnnra:;:r. under -he skin, thus 
mdi:::;:.: tr.at - rar.sderrr.ai glucose extraction bv 
soncc:.:::s;s could be potentially used for blood 
giuccce ~:acuremen: . 

EXAMPLE 4 : Effect of Ultrasound Intensity and 

Chemical Enhancers on Transdermal 
Transport . 

Materials 

Hurr.ar. cadaver s;<m from the chest, back, and 
aodcrr.Lr.a. regions was obtained from iccai hospitals 
and cr.- National Zisease Research Institute. The 

- . > a _ - - 0 C „r.t i _ usage. The epidermis 

was :;:::-3r.s: from the full - ir.i:.".r.ess -issue after 
13 unrnem:.-. •. - s0 C water for 2 minutes. Heat - 

scrip?-: _--.i- was stored a: s'C and 93% humidity for 
up t- . ^sr. trior to usage. ; H-corticoscerone. 3 H- 
dexar.2-.-:; = p.e, 'H-tsstoaterone. and ;4 C : linoleic 
acid ..-r- : = :ained from DuPont , New England 
20 Muciaar 'lan-radislabelsd csrticosteraae (95%), 
dexar-.e one (?9 + v, testosterone (99*%), and 
uno:e:; ' :id !59%; were obtained frotr. Sigma 
Cheir.io.i_ Dlycercl trioleate '.99+%) and 
r ' ■ - - ? 1 '/ ~ t _ 230 Iiiaura-e '99*%t were 

23 obeai.-._- : rem Kenkel. Isoprccyi myri state -98%) 

was : = ::..-.-2d from Al drier. Chemicals ana butanediol 
(98%; -as retained from IS? Technologies. Ethanoi 
was :::;:r.sd from Fharmce Products. 

A. Methods far Passive permeability 
3 0 experiments 

The passive permeabilities (e.g., permeability 
without -.-.2 a ?P ii =sri=n of ultrasound) of 
cortirc-t.rcne. dexamethasone . and testosterone 
throug- r.urr.an skin were measured using trace 
35 quantities cf radio labelled drug. The 

radio lace ilea drugs were rotary evaporated in order 
to remove t.-.e ethanoi in which they were shipped 
and any tritium which had reverse exchanged onto 
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ic. The radiciabeilei drugs were t.nen redissolved 
in an enhancer formulation tt a typical 
concer.cr2-.:cn of : M Ci/mi, and added c: the conor 

chamber ; : t'~e -ar-moa- • ~„ _ - - _ 

--e s._rmsa..an cei_. Passive permeation 

experiT.er.-_. were cerftrmed using stirred side-bv- 

side diffusion cells :rcwr. .lass. *DC-10CE:. The 

receiver ::mpar:- S p.c always ::r.=ained cH 7.4 

phoscnace suffer sali.-.e -F5S. phosphate 

ccncen.trzt.-.on = o.Oi v. NaC; - =n cer.trat icr. = 0.137 

^xuu.d T --^ . .he concentraucr.s of 

~ -ne c:r.cr and receiver 

compartments were measured using a scintillation 

counter - = del ::00 CA. Packard Instruments;. A 

minimum :: tr.ree experiments were performed with 

each enhancer ::rmuia::on. 

The permeability values were calculated under 

steadv- st a:= ■~~~ici i r - _•_ i ^- 

— ires tne relationship p = 

<dN r /dz>, AC,, where A i s the surface area of the 
skin sample, c, is the drug concentration in the 
donor chamber, and N r is tha cumulative amount cf 
drug which has permeated into the receptor chamber. 
The experimentally observed lag-times for the 
permeation experiments were 1 to 5 hours for 
"° r s..-.cr.e. ^ to = hours for dexamechasor.e , and 
25 less tnan . incur for testosterone. The variability 
of the individual permeability values were 
consistent wich previously established inter- 
sub j e _ _ . -.riabi^ity cz the human skin permeability 
of 4G%. as reported by Williams, at al . , Inc. S. 

kljvi. . The passive cermeaoility 
enhancements. Z p . were calculated relative to the 
passive permeability from FH= according to Eq. ;i) : 

? ( enhancer ; 

3 5 " ? ( pes ; ( " ) 
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where = -enhancer: is the drug permeability :rom a 
giver, enhancer, and P(FES) is the drug permeability 
" rcrr ' e =~ • - - U ' e r luxes f rem saturated solutions. 
J"', were calculated from j*" = FC" e . where C" is the 
arug solubility i- the f srnulacicn . ?lux 
enhancements, were calculated using Eq. '2). 



J i er.nancer ; 

(2) 



where . -« ,'ennancsr J and J*" (FBS) are the drug fluxes 
rrc:r. saturated solutions cf enhancer and PES. 



resoec: 



cr the passive ccrticcstercne 
:rar.sc:r: -±;cper itr.encs are shown ir. Tabie 1. 
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The results reveal that :r.e er.har.cer 
forrr.u.aticns fail ; r .:c two groups. The first grout: 
or cnemicai enhancers. PEG . IK, ana GT. produced * 

oniv modest a^^s^..-- , 

--- J ?on ::r:::csteror.e cransccrt . 

while the sec:r.d croup, 50% Ethane i and LA/Ethanol. 
naa a aiqnifizant: —.pact. With respect to the 
first croup. ?EG ana are better solubiiizers of 
cor:;::ster=ne. with measured solubilities cf 0 94 
and C.77 ma/mi. The solubility of cortioosterone 
m PHS - considerably lower. : . 12 mg/ml , but is 
similar to the solubility of cert iccscerone in GT, 
0.14 -ng/rr.i. as shown m Table 1. These increases' 
--x^. r _ and IM, r.owever , do net 

sig can::y greater saturated 

z.uxes --an :r.a: from PBS. This is due to the 

--s__ ... t ..a corticostercne perir.eabilities from 
PEG and IM relative to that from P3S. 
Specincaily, one rr.easured cortioosterone 
perr.eacili-.y from P 3S ia x . 0 x lc -« cm/hr , wh±le 
those from PEG and IM are cniy 2.4 x 10" and 7.0 x 
10-* cm/nr. as shown in Table 1. As a result, the 
flux -nhanramencs from PEG and IV. are moderate, 1.9 
and 4.E. respectively. GT. wnose cortioosterone 
solubiiioy is similar to that cf PES, also has a 
corti= =3 cer=ne permeability, 7.1 x 10- cm/hr. which 
is simi-ar to that of PBS , 1.0 x 10- cm/hr. as 

shown m Tabi° 1 tu..- -u~ 

x ^ ~- -nus, -he c:r:::cscerone flux 

from a saturated sciution cf GT, 1.0 x lO" 5 



mg/cm-/hr. is similar 
30 1.2 x ic- -g/enr/hr. 



chat f rem saturated P3S , 



In summary, the differences 
^rmeac:i;:: eS( and fluxes of 



corticostercne from PES, PEG 
*"elat iveiy moderate 



and GT are ail 



In contrast, 50% Ethane! and LA/Ethanoi 
35 significantly increase the transdermal transport o^" 
corticosterone. The permeability cf cortioosterone 
from 50% Ethane! . 5.2 x io- cm/hr. is nearlv two- 
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fold lower than :r.at from PES, 1.0 x i:- r-/hr. and 
ir. Che same ranee as those fro- PEG, ::■!. ar.d GT as 
well. However, =o% Ethane! is a very effective 
solubiiizer. ? . 2 rng/mi is cne ccr:::= 3 cer:ne 
= solubility ih Ethane. . which is nearly 100 -fold 

greater than that ir. p=s . : . 12 rr.g/ml. as -own m 
Table 1. This greater =-gree c: solubilization 
results in a s ignif icar.t iy greater flux cf 4.3 x 10* 
mg/crr/hr. which ic a factor cf 40 greater than of 
10 that from FES . 

Even -ore effective is LA/Ethanoi. which is 
50% ethane. v/v: saturated with lincieic azid. 
Table i shows that the ccrticcstercna cermeaoiiitv 
from LA/Ethanoi _s 3.7 x 12'* cm/hr. Note zr.ac all 
of the other r ermuiatier.s have lower permeabilities 
than rrom PBS, while the cermeabilitv frorr 
LA/Ethanoi is nine- fold greater. The permeability 
enhancement achieved through the mere addition of 
linoleic acid to 50% Ethanol is 17- fold, clearly 
showing the effectiveness of the unsaturated fatty 
acic in increasing transport. Addition of linoieic 
acid to 5 0% Ethane! increases the corciecs'tercne 
solubility :: iz.4 mg/mi LA/ Ethane! from 9.2 
mg/mi m S:% Ethanol alone, as shown Table 1. 
Addition or the oily linoieic acid tends t= make 
the solution more hydropnobic and slightly less 
polar, whicn is a more attractive environment for 
corticostercne. The combination of permeation 
enhancement and increased cert icosterone solubility 
arising from the use cf linoieic acid in 50% 
Ethanol combine to yield saturated drug fluxes cf 
1.1 x 1C" 3 -g/cm-/hr, which is 903-fold greater than 
from water and more tnan 2 0 -fold greater than from 
50% Ethane! .i.e., without the linoieic acid). 

In order to examine the impact cf linoieic 
acid on cert icosterone transport without coupling 
it with £0% Ethane!, control experiments were 



20 



25 



30 



35 



SUBSTITUTE SHEET fRULE 261 



WO 97/04832 



PCT/US96/12244 



10 



15 



40 

perccrr.ea in whicr. cortizssceror.e permeabilities 
ware measured from P= S saturated with Linoleic 
acid. The resulting ccr:::cs;erons permeability, 
1.1 xlO-- ; 0.34 x 1C- 4 ) cm/hr. is indistinguishable 
:rom :r.2 FHS permeability cf 1.0 x 10"' ( ± 0.32 x 
10-) cn/hr reported ir. Table 1. Clearly, ethanol 
and ii.-oleic acid are each ineffective in 
increasing cr.rticcstercr.e permeability when 
utilized individually, but when utilized together, 
they yield a substantial degree of enhancement. 

B. Effect of Ultrasound ir. Combination with. 

Chemical Enhancers 
--trascur.d was applied under therapeutically' 
approved renditions ;i. 4 W/c~. 1 MHz . continuous), 
-or ^-s hours using a sonicator 'Sonopuis 463, 
Henley : r.ternational ) . The ultrasound transducer 
was located approximately 3 cm from the surface of 
the sKir.. Permeation experiments were performed 
using customized side-by-side diffusion cells 
20 having a skin area of 3.1 cm 2 and a receiver 

compartment volume of 7.5 ml. Samples were taken 
from the receiver compartment ever 24 hours. The 
concentrations of radioiabeiied drug in these 
samples, as well as in the donor compartment, were 
25 measures using a scintillation counter model 2000 
CA, =ac.<ard Instruments) . Three or more 
experiments were performed using each cf the 
chemical enhancers listed above. PBS was always 
used ir. the receiver compartment. Soncphcretic 
oermeaoiiities were constant once steady-state was 
achieved. The drug permeabilities in the presence 
of ultrasound were P ui = <dN r /dz) / (AC*) . The 
exception to this observation was the combination 
of therapeutic ultrasound and SA/Ethanol, with 
which the ccrticosterone permeability continually 
increased . 
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•Studies with tr.arapeutic ultrasound I MHz 
performed at an intensity cf 2.0 w/cm- by 
Mitragcrtn, ec ai . j\ Pharm. 3d. 34, £97-706 
(1995. snowed char the continuous appiicacicn of 
ultrasound increased transdermal permeabilities, 
but cn.y ::r a short period of time. After 5 to 6 
hour - '-" e ==nopnore:: = enhancement abated and the 
obaerv-a cermeabiiio las returned to the passive 
values. This sonopnoretic enhancement was found to 
be causea by cavitation within the skin, where 

. ^-j-x^ea as tne growtn and oscillation 

of air cables which disorder the stratum ccrneum 
-ipid tn avers. in the present study, ultrasound 
was scc-.ed at a lower intensity, 1.4 W/cnr, and 1 
MHz. ioncpnoretic permeability enhancements lasted 
for extended periods cf time for ccrticostercne , 
dexair.etnasor.e. and testosterone at this intensity. 
The elevated transdermal permeabilities resulting 
from --a continuous application of ultrasound at 
1.4 w/cm- were maintained for up to 48 hours, the 
longest -ncpnoretic experiment performed. As a 
control, the permeability cf cert ioosterone was 
measured with therapeutic ultrasound applied at 2.C 
W/cm- As was previously found and reported for 
estradiol, the permeation enhancement lasted for 
only - - - 6 hours. This difference in the duration 
of the sonophorecic enhancements resulting from 
differences m the ultrasound intensity is probably 
due :: the change m the magnitude of the 
cavitation activity, since cavitation results in 
tne degassing of the system, the greater ultrasound 
intensity results ir. an accelerated degassing of 
the system, which in turn results m shorter" 

w.e w ao^^y sMancetnencs, as was 

observed . 

The transmission efficiency of ultrasound 
through tne various enhancers was measured using a 
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hydrcpr.cne rr.odei ?ZT 54. Specialty Engineering 
Associates.- coupled a hydrophone preamplifier 
:mode. .\ 1 7 c 3 . specially Engineering Associates i , 
anc ::r.-:::=d to an oscilloscope (model 7523 A, 
= Hewis:: .-icjcara: . The hydrophone was calibrated by 
Soni_ -cr.no icgies . The ultrasound intensity in 
the -..ruoicn ceil was first rr.easured with both 
prccec --emerged ir. the forxulaticn and the 
hyarcc-3-e cicse proximity to the ultrasound 

10 transducer. The ultrasound intensity was 

sunsecuantiy measured with the transducer in the 
doner : nance r zt the permeation ceil and the 
nycrcc 2 — the receiver cnaraber S-S ct. away from 
tne •.:;-::—£:. ::o differences in the rr.sasured 

15 inter.-. -.22 were ocser/eci for any formulation, 
maic--. i-c c.-.at ail =f the chemical enhancer 
forr.u_:; : -2 examined were uniformly efficient in 
trar.:--.::;-: ultrasound. 

.r.e uptake of 14 T-linoleic acid into human SC 

2C was --as-red wich and without the application of 
ther-c —tic ultrasound (1.4 W/csr. 1 MHz, 
cor.t: - .cu3. 3C was separated from heat stripped 
e P i -- r ~"-- ty soaking the epidarrr.is in C.5% Tryosm 
so . .-err.ipr.c at 5cc. The SC was cleaned with 

25 water insed in cold hexane to remove any 

exoger.c-o lipids, and lyophilized for at least 24 
hourc -.z remove ail water. Dried pieces of SC were 
Sec::: "" pieces approximately 10 mg in weight 

and w---gr.ed. These SC pieces were place in a glass 

3 0 cnamcer "ur.csa on an ultrasound probe containing 3 
ml :: solution cf ; <C- linoleic acid in LA/Ethanol 
ana s-=a_ea. -5 ul samples ware taker, from the 
chancer periodically, and counted with the liquid 
scir.c 1 _ 1 at ion counter. 

35 "-Itrasound is effective in increasing the 

perr.saci.ity of cortioosterone from ail cf .the 
forr.uiaticns examined, as shown in Table 2. 
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..*e values c: :r.e scnopnorecic permeability 



(3) 



10 



15 



are all greater than unity. Note :r.at £_ ua . is the 
ratio tr.c uitrascur.d xediaced permeability in a 
given ::rnuisCicr. t: -he passive pertneabilitv in 
the sa.-ne rcrnuiaci:-, and hence is a neasure of the 
effectiveness cf ultrasound with that particular 
formu:a::cr-. Table 2 shows chat ultrasound 
mediated psrmeabiiit ;as f-r the first grcup cf 
enhancers. ?=s. PEG. and GT, are ail moderate, 

ranging frsm 1.3 for GT t= 5.0 for water. The 
sonophcretic enhancement from 50% Ethanoi , 1 . 9 , is 
also x-derate in its value. The most significant 
sonophcretic enhancement is obtained with the 
formulation containing lincleic acid, LA/Ethanol. 
The soncpnoretic permeability from LA/Ethanol is 
20 1.3 x LZ ' cm/hr , which is a factor of 14 greater 
than tr.e passive cort icostercne permeability from 
LA/Ethanc. . These results clearly show that 
ultrascur.c is effective ir. increasing transdermal 
drug permeation when utilized with both aqueous as 
25 well as r.zn-aqueous f crmuiaticns . 

Sonophorecic Saturated Fluxes and Enhancement 

The values of the ultrasound mediated 
corticcsteror.e fluxes from saturated solution, u\ a . 
where JV, = P. JS C" e . are listed in Table 3. 
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The fluxes :r:r. P3S . PEG. IM and GT are all 
Iair: V low, ranging from 1.3 x 10"' mg/ crnvhr for GT 
zo 6 - x l-" s -g/cr-.-.'-r for PBS. The flux from ?=S 
is greater thar. these f rcn PEG . IM. and GT. due to 
3 - reacer 3 -*2?ncrsc:: permeability enhancement for 
PBS, i.-own ir. Table .: . While the flux from 50% 
Ethanr. 13 15- fold greater than that from P3S , =.0 
x 10- ~.g/r--/hr, it _s still a relatively low 
value. Table 1 shows chat the use of LA/Ethanci 

10 and therapeutic ultrasound yields a flux greater 

than :: equai to 0 . 1~ mg/crrr/hr , which is more than 
two cr:srs z z magnitude greater than that from 50% 
etna.-:. .,ir n ultrasound. Also listed ir. Table 2 
are zr.z 5 rr.cp.-.crat 1 = saturated flux enhancements, 

15 icr. is defined as 



20 



30 



(4 ) 



Ev s ;enhancer) C" c (enhancer) 



? (PBS) C" e (PBS) 



r_. us represents the flux enhancement relative 
to the passive flux from PES. used to establish the 
base . _r.e. r-'.ccerate flux enhancements are observed 
ror — . .-13. Z?T, and 50% Echanoi , ranging from 1.1 
fcr ' z ~ "- - ~- f = r Ethanoi. LA/Ethanol again is seen 
2 = to crevice tremendous flux enhancement, 13, 000 -fold 
mors than from passive FBS . This enormous 
enhancement is the result cf the combination of 
ethancl. Imcieic acid, and therapeutic ultrasound. 
Ethane! and water v/v) greatly increases the 

saturated tencentration of corticosterone (Table 
1) . L inoieic acid increases both the 
cortirtstercne solubility in 50% Ethanol as well as 
the c:-:::stercr.2 permeability, while ultrasound 
further increases the drug permeability when 
35 appii-d ccrounccicn with linoieic acid. 
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C. Solubility measurement in chemical 
enhancers 

In separate studies, -excess unlabeled 
corticostercr.e . dexamethasone , and testosterone 
were each placed ir. several milliliters of enhancer 
and thoroughly r-.ixed. After eruilibration for a 
minimum c-f 2 4 hours tr.e solutions were removed, 
cencrifugcd at loco rpm. (212 :■: g) for 10 minutes, 
and sampled. Samples were diluted to an 
appropriate concentration for high p-rrcrmance 
liquid chromatographic (HPLCi analysis utilizing 
the appropriate KFLC mobile phase. Methanol and 
water (60:40 v/v was utilized as tne mobile phase 
for ccrtiossteror.e and testosterone, and 
acetomtriie and water \ 5 5 : 6 5 v v) was utilized for 
dexamethasone . The mobile phases were filtered 
with 0.22 an PTFE hydrophobic filters and degassed 
prior to usage. a M-Bondapak. C13 (20 cm x 4 mm, 
i.d.) HPLC column was used. The sample volume was 
4 0 and the mobile phase flow rates were 1.4 
ml/minute (cortiocsterone) and 2.0 ml/mm. 
icorticosterone, dexamethasone. and testosterone! . 
An ultraviolet detector (Waters 490) was used at a 
waveier.gt.-. of 240 r.m for all tr.ree drugs. 
Standards were prepared by diluting a stock 
solution zz unlabeled drug, prepared by weight. 
w ^*"- ~ ne T -~bi_e phases. Experiments oerformed in 
triplicate had a standard deviation cf 1%. 
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In crder tc preca the generality of tne 
effectiveness of LA/ Ethane! alone and the 
combination of ultrasound and LA/Ethanoi m 
enhancing cert icostercne transccrt , experiments 
were per termed with two additicnai model drugs, 
dexamethasone and testosterone . Passive 
permeability and solubility measurements were made 
with PES, 50% Ethane, and LA/Ethanoi. as described 
above. Tltrasouna mediated transport was also 
measures witn LA/Ethancl and ultrasound with both 
dexamethasone and testosterone, as this was the 
most effective enhancement ccmoir.acicn observed in 
the c:r:;::s:eror 4 e experiments. The results of. 
these experiments are shown m Table 4. 
15 The 5 - lubiii ty cf dexamethasone m PBS is C . 10 

mg/mi, wnieh is similar to the sciubiiitv of 
corticostercne m PHS, : . 12 mg/mi. This is not 
surprising since dexamethesone and corticostercne 
have a similar degree cf hydrophebicity , as 
20 revealed by their similar cctanci/wacer partition 
coefficients of 97 for dexamethasone and 8? for 
corticostercne (Hansen and Leo. "Substitutes 
Constants ::r Correiaticn Analysis m Chemistry and 
Bioiccy " .379)) . Testosterone is more hydroohobic 
than z :r t icostercne and dexamethasone. as indicated 
by an cctanci/wacer partition coefficient cf 2100, 
has a lower solubility m F3S , : . 0234 mg/mi. 
Dexametnascne and testosterone are much more 
soluble m 50% Ethane! than PES f 2.39 mg/mi and 
6.37 mg/mi. and even more soluble m LA/ethanoi, 
4.3 6 mg/mi and S.2 mg/mi resDect iveiy . The 
relative increases m drug solubility for ail three 
drugs, corticostercne, dexamethasone, and 
tesccscerons . are shown m Figure 4. Solubilities 
35 of ccrticcsterone , dexamethasone, and testosterone 
in PES , 5 0% Ethane! , and LA/ethanoi were measured 
using KPLC. The solubilities cf these druas in 
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PBS . . i 2 ma /mi , 



1.0 



-ms . aiue ^3 relatively low, yet 



ID mg/rr.i. and 0.023 mc/tni 
respectively, are 7-. 4 4. and 350 fold lower than 

Che c ; 1 uo ill - - = c •-< sn» — i- l. • — 

s :0s ithanoi . Corc:ccscsro^° 

dexarr.etr.asone. and testosterone are even more 
soiuc.c ir. s cv Ethane! saturated with linoleic acid 
(LA/f.r.aaol; by an averace facccr of 1.5. 

The experimentally r.easured Dermeabili-y o-" 
aex3^,.,asor.s fro:, = 5S ia 6 . 4 x 10- ca/hr. as shown 

:he 

?er^ac:::;y from = ■:•% Ethancl is even lower at 1.7 
X a i: -" /hr - Th e permeability of tastoscerone from 
PBS 5.4 x io- J cm/hr. cue decreases by r.earlv two 
rrcerr : ; magnitude — a value c: 5.5 x ic* rm/hr 

^ t-..ar.oj.. Similar drots have 

1- oeer. zs^^"e^ ■ 

- ^ cestercr.e. as shown ir. Table 

... -.1 as for estradiol (Liu, et al . 
Pha~z;e'-zizzi Research S. 938-944 (1991)). These 
per-,^cil-- y decreases are a result of the 
decrease" partitioning cf the drugs into the skin. 
20 Since ethanoi has a lesser degree of polarity 

t ha n : z e s wa r?->- - - ■; „ 

' ls mcre attractive environment 

reia ""' Zz FBS ' and shifts the equilibrium drug 
d:s:r::-;;- s awa y from the s>m and towards the 

don 1 — - - 

. "~ -mcs tr.a s>ir. permeability is 

25 ore::: a- — 

* *- ~- chs Petition coefficient, skin 

perrc-;. : ; 123 will decrease as the donor solution 
beccr. ee less polar than P3S and a better 
soluc...:er " the drugs. The permeabilitv of 
d.xan..a:, a80M from LA/Ethancl. 2.2 x 10- cm/hr. is 

30 signizi.antiv greater than that from P3S , 6.4 x io- 
cn/n.. i3 was also ooser;ed with corticosterone. 

However. ;ne c^TiMh- i t-., .. 

~-rmeao-_ity or testosterone from 

LA/Etr.ar.oi, 5.4 x ic- and 5 . 3 x 10" mg/cmVhr, are 

~- " A ° °- — s corticosterone 
3S saturated flux. :.i x 10 -a T . g/c -z /hr . 

Hexametnasone and testosterone soncDhoretic 
transport measurements were made with LA/Ethanoi. 
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wnic- tr.e rase effective combination chat was 
determir.ee through the c:r::::sterons experiments . 
The r~suios of these experiments are shown in Table 
4. As wicr. corticcscsrone. the sonophoretically 
5 enhar.cod p crmeabiiit ias Q f cexamethasone and 

tesccsrer-.e increased over time. However, unlike 
the c:r:;::sceron2 sxparirr.sr.ts. these observed 
perrr.eaciiities become steady after 12 to 1= hours, 
enabling -rue steady -state measurements to be made: 

10 5.0 x i~ ; ' tm/hr ana 4.5 x iO'-' cm/hr for 

dexamet.-.csor.e and testosterone, respectively. As 
with ::r:;:cscsrcne, tremendous sonophoretic 
sacur:: " r" luxes cf 2.5 x T.g/cm ; /hr and 2.7 x 

1C /hr cctamed for dexamethasone and 

15 testcot eror.e . 

1 gu r z r shows tnat the permeation enhancement 
resulting from the use of linoieic acid is 
dependent upon the drug examined and the size of 
that drug. Permeability enhancements for 
testosterone (288.4 Dai, cart iccsterone (346.5 Da), 
and dexamechasone -.3 92.5 Da) through (l! the 
addition cf linoieic acid to 50% ethanoi and (2) 
the addit.tn cf linoieic acid to 50% ethanci with 
the ccr.tir.uous application cf therapeutic 
ultras—.- relative tc the permeabilities from 50% 
ethane, alone were observed. The enhancements from 
Linoieic arid bear a distinct size dependence, with 
the larger compounds having larger enhancements. 
Enhancements with linoieic acid and therapeutic 
ultrascur.c cears an analogous size dependence with 
greater enhancements observed for larger compounds. 
The permeation enhancements resulting from linoieic 
acic tne ratio cf the permeability from 
LA/Ethanoi and the permeability from 5C% ethanoi) 
3 5 alone, are 12 for the smallest drug (testosterone, 
288.4 2a,, 17 for corticosterone (346.5 Da), and 
130 for tr.e largest drug (dexamethasone, 392. 5 Da). 
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The enhancement effects of three different 
enhancers, capr:: acid (J), iauric acid (B) . and 
Neodecanoic acid (H) , upon "he human s<in 
permeabilities cf benzoic acid (122 Daj . 
5 :esccstsrons (23e Da), .laloxons (328 Da), and 

incenechacir. (355 Da), as ccmpared with propylene 
glycci are shown in Figure 6a. These enhancements 
exhicit a clear size dependence, with the larger 
compounds being enhanced ts a greater degree than 
10 the smaller compounds. The line is drawn tc guide 
the eye . The permeability values were originally 
reported by Aungst et al . 

Figure ~a shows the permeability enhancements 
piottec as a function of the molecular weight of 
15 the orug. Tigure 6a aiso shows that the variations 
in er.r.2- cement cf a given drug from using the 
different enhancers extends tc be less than the 
varia::cr. cf enhancements between the different 
drugs . 

20 enhancement of Azone upon the 

permeabilities cf ethanol (46 Da), butar.oi (74 Da), 
corticcsterone ;346 Da), and hydrocortisone (362 
Da) frcm aqueous solutions through hairless mouse 
stratum ccrneum are shown m Figure 6b. The skin 
25 was cretreated by spraying 0.3 mg/cnr cf Azone upon 
it. The degree cf permeability enhancement 
correlates with the size of the solute. The 
permeability values were originally reported in 
graphical form by Lambert et al . 
30 Fluidicaticn of the stratum corneum lipid 

bilayers can increase the partition coefficient 
between the bilayers and the donor medium in 
additicn to increasing diffusion. Since 
P art ---=nmg is a function cf the chemical nature 
35 of a solute (i.e., the hydrophobic /hydrophiiic 

nature of a solute) and not an independent function 
of molecular weight, the partitioning effect would 
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only t-ar.a t z ocscurs the size deoendence cf 
enhar.:2T.er.: . Lincieic acid and -he c:her chemicai 
enhance r: may increase .drug transport thrcugn 
alcerr.3t.vi pathways, often referred to as aauecus 
5 pores. The passive skin permeabilities cf 

hydrecni.it compounds, which are thought :: diffuse 
thrcucr. tr.ese aqueous pores, exhibit a much weaker 
size dependence than that tf hydrophobic compounds. 
While ::ze dependence is moderate , as are 

1C those ::r fluid phase phospholipid biiayers and 
bui.-; -i. p-ases, catty acids have been shown c c 
interact c reecmmanciy with the intercellular 
lipid- ■; -. r.anoi a lone can also enhance transport 
of cot- ..vcrcpncoic and hydropmiic compounds 
15 thrcucr. r.zse aqueous pore pathways, although high 
concent ; ;r.s cf ethanoi are needed ; i . e . 
apprc::im - tely 75% v/v) . Ghanem et al. , Int. J. 
Pharm. 127-155 (1992) also report that lipoidal 

compcunco _n solutions cf 50% ethanoi cr less 
20 permea:-: ~ -e SC primarily through the lipoidal 

domain. This indicates that the combination of 50% 
ethane _ _.-.c .moleic acid may make the aaueous core 
patnway ~ etfective. If the lincieic acid 
workec tne 5j% ethane! solution to facilitate 

25 aqueoui r:rt transport, the passive oermeabill t les 
from j_i , L't nanoi would be expected to be essentially 
constant - no independent cf size. Tables 1 and 4 
show tr.at tnis is not the case. 

The results of sonophcretic enhancement 
3 0 experiments conducted ever the last four decades 
for mere tnan a dozen different drucs , ranamc in 
size from 123 Da (salicylic acid) up to 453 Da 
( f luce mc i tne acetcnide) were collated. These 
studies -.nciude both in vitro and in vivo 
35 experiments. While some studies quantified the 
degree c: enhancement, ethers simpiy reported 
whetner :: net sonophcretic enhancement was 
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observed. Mo sonophcretic enhancement has been 
observed f =r drugs smaller than 2 = C Da whereas 
sonophcrecic enhancement has been observed for 
compounds larger than _:o Da, with the lone 
exception or" proges cercr.e . Soncphcretic 
enhancement correlates very well with the drug 
passive diffusion coef f irient . which in turn Is a 
strong function of molecular weicht. 

Figures "a and 7b graph the variation of the 
permeability over time of the ccrticosterone 
permeability through human skin from (Figure 7a) 
PBS and (Figure 7b) LA/Ethanol in tne presence of 
therapeutic ultrasound :i MHz. 1.4 W/cm-;. The 
corticcscerer.e oermeaoiiity frcn ?HS is maintained 
15 at the sceaay-state value of the duration of the 24 
experiment once the lag- time period is . surpassed. 
The ccrticosterone perr.eabiiity from LA/Ethanol. on 
the ether .-.and. continues to increase over time. 
The typical error of the data points is 3%. The 
20 lines are drawn to guide the eve. 

The sonophoreticaily enhanced permeabilities 
were constant over time with PES. =2G. IM, GT, and 
50% Ethane! . as shown ir. Figure 7a for a typical 
ccrticosterone experiment from =35. After "an 
25 initial lag time of several hours, the permeability 
remains constant for the duration cf the 24 hour 
experiment. However, when ultrasound was applied 
in conn unction with LA/Ethanol, the ccrticosterone 
permeability continually increased. Figure 7b 
30 shows the results of one such experiment, wherein 
the fraction of ccrticosterone transported across 
the skin is plotted versus time. Whereas steady- 
state cenditions are defined by linear slope en" 
such a plct. the slope m Figure 7b continually 
35 increases. This continual increase in 

corticosterone permeability was observed in every 
ultrasound mediated experiment performed with 
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cor:::=ster:ne and tr.e LA/Ethanol formulation 
(n = 6 - » . 

A steady- state permeability can net be 
direct iy -sasurea m the ultrasound mediated 
5 psrmeaticr. -2xper1rr.er.t3 with LA/Ethanol due - the 
leiCK cr a linear profile in Fiaure ?b. The 
permeability value 1 _ ~ted in Table 2 fcr this 
condit i.-r. is the average cf the permeabilities 
observed at the 2i hour -ark of the experiment. 

10 While this value 13 not a steady- state 

permeability, it does constitute a lower bound cn 
the true steady-state permeability. This value, 
1.3 x 1. rm./hr. .3 large relative to the ctner 
corticcstercne cermeacilit ies , and is 125-fold 

15 greater than the passive permeability from ?BS 
alone. The true steady-state permeability is 
greater than or equal to 1.3 x 10' 2 cm/hr and the 
8ono?horec:: enhancement is greater than cr equal 
to 14. The slightly elevated error associated with 

20 this value, a standard deviation of 50%, is. also a 
result the fact that the permeabilities were 
calculated from non- linear portions of the flux 
orof lies . 



. r.e ultrasound mediated experiments terrorised 
25 with etnanci : without linoieic acid'; exhibited 

a constant parmeaoiiity after the initial lag time. 
The resuitc shown m Figure 7b are dependent upon 
the combined application cf linoieic acid and 
therapeutic ultrasound. This relationship was 
3 0 further proced m a set of experiments with 

cortioosterone m LA/ethanol in which ultrasound 
was applied for the first eight hours of the 
experiments, after which the ultrasound was turned- 
off . variation cf the permeability over time of 
3 5 the cortioosterone permeability through human skin 
irem LA/Ethanoi with tne discontinuous application 
of therapeutic ultrasound (1 KHz, 1.4 W/cr: was 
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measured. Vltrasound was applied for the first 
eigne hears c: the experiment, at which time i: was 
turned erf. m contrast with the results of Figure 
7b in which ultrasound was applied continuously and 
5 the permeability continued to rise for the entire 
24 nour period, the corticosterone permeability 
increases up to tr.e poir .= at w.nich the ultrasound 
is discontinued, at which point it remains constant 
for tr.e remainder or the experiment . The cvpical 
10 error of the data points is 3%. 

EXAMPLE 5: Transdermal drug delivery and 

extraction of gluose using 
ultrasound in combination with 
additional force fields. 

15 Materials and Methods: 

-r. vitro experiments were performed to study 
the err act c: ultrasound in combination with 
electric currents on the delivery cf calcem and 
extraction of glucose across human cadaver skin. 
The skin was heat stripped by keeping it in water 
at CO-C for two minutes, followed by the removal of 
the epicermis. The sxin was then stored at 4'C in a 
humidified chamber. a piece of epidermis was taken 
cut from c.-.e chamber prior to the exoeriments , and 
25 was mounted on a Franz diffusion cell (Crown 

3ioscz.er.tif 10 Co.) which consists of a donor and a 
receiver compartment. The skin was supported by a 
nylon rr.esn iTetko inc.) to minimize mechanical 
oscillations during ultrasound application. The 
donor and receiver compartments were then clamped 
together. Two Ag/AgCi electrodes were introduced 

in che cicnor and che ^ce^^r ■ .r™=>— ~« ~ * 

4C --ce.,er ^cmpartmenc rcr the 

application of electric fields. The receiver 
compartment was filled with a solution of 
radiolabeled glucose m phosphate buffer saline 
(Sigma Chemicals) , and the donor solution was 
filled with a calcem solution (Sigma Chemicals). 
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-ne ultrasound transducer was Iccaceci at a 
distance of asouc 1 rn from the skin. The 
ultrasound was turned OK at a frequency cf 20 KHz 
and i- tensity cf 11 = mW/crrr for 10 rr.inutes. 
= -iecrr:: current mA/cm*: was applied across the 

skin :.- a few experiments for 70 minutes with anode 

eieccrcae carrying the positive charge; inserted 
in the receiver copartner.-, and the cathode 
(electrode carrying the negative charge) in the 

10 aonor ccrnpartr.ent . The concentration of calcein in 
the aonor and the receiver compartment was measured 
using the speccrcf iucri-eter ; Photon Technology 
Ir.tJ . ~he concentration cf glucose in the doner 
and the receiver compartment was measured using 

15 scintillation counter. 
Resul cs : 

a) Transdermal Calcein Transport: 

Calcem possesses a molecular weight cf 622 
and a net charge of -4. Due to its charge and 
20 relatively large size, passive transdermal 

transport of calcem is extremely low. Figure 9 
shows the transdermal transport of calcein during 
sor.cpnoresis . -ontopnoresis or combination thereof. 
Sor.cp.-.cresLs -:Ione =t 20 KHz and 125 mW/cr.- for 10 
25 minutes relieved by a waiting period of 1 hour 

(total tirr.e cf 70 minutes) resulted in transdermal 
transport of about 2.2 x 10"» % of calcein present 
m tne cener tompartr.ent . Similarly, application 
of electric current :.2 mA/cnr) alone for 70 
-itr.utes induced transdermal transport 2.5 x 10° % 

^ liu — -ne aonor compartment . A 

combination of the two methods: 10 minutes of 
soncp.-.cresis '2D KHz, 125 mW/cm-) and 70 minutes of 
simvlzar.ecvs mntcpnoresis (0.2 mA/cnr: (ultrasound 
and electric current CM for the first 10 minutes 
with only iontophoresis ON for the next 6 0 minutes) 
resulted m transdermal transport of about 3.5 x 10" 
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° ---ice ir. present ;r. the donor compartment . The 
resuit3 snow -hat transdermal calcain transport 
aurir.g 3 combined treatment cf sonophoresis and 
ionto=.-.:rss:s is abou: 120-fcid higher than char 
5 during h t.ncp.-.cresis cr ::r.:ochcrssis under similar 
condi:;;r.s . 

b) Transdermal Glucose Extraction: 

Glucose - s a hydrophilic r.olecuis and shows no 
detec:;=: a rransdsmal transport passive diffusion. 
1C Figure shews the amount of glucose extracted 
transdermal!-.- oy sonophoresis, iontophoresis or 
coBUina:::.-. t.-.erecf . Application of ultrasound (20 
KHz. lie -w/c-- alone for L0 r.mutes ftiiowed by a 
waitir.r ot 1 hour : total time of 70 minutes) 



1 c 



result ic :-. t.-.a doner glucose concentration o: 



aDout :•. --2 receiver glucose concentration. 
Applicant.-, cf electric current (0.2 mA/cnr) 
(ultras:'..-.: and electric current ON for the first 
10 minutes with only iontophoresis ON for the next 

20 60 m:nu:::i resulted in a doner glucose 

concer.trtticn which was about 2.4% of the receiver 
concer.triticn . Simultaneous application of 
sono?r.cr-s: 3 and iontophoresis induced about three- 
fold .-.-.=.- 2 r transdermal giucose transport than that 

25 inducec r ,- sonophoresis alone. 

EXAMPLE £ : Comparison of drug transfer through 

skin using ultrasound or electrical 
£ ield alone or in. combination. 
MATERIALS AND METHODS 

30 A. Materials 

Fui_ :-::kmss cf human cadaver skin (obtained 
from icca: hospitals) was heat stripped by 
immersion S0»c water for two minutes followed by 
the rencva. zz the epidermis. The skin was then 

35 stored :r. a r.umidifi-d chamber -.95% relative 
humidity - 4-c. The neat - stripped human 
epidermis was placed in a custcrr.-made side-bv-side 
pemeatit.- c-.amber. ->in area cf C.64 car. desicned 
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to adacc j,r. ultrasound transducer a: tr.e donor 

side. The donor c^partr.sr.c was filled wich a 1 mM 

solution c: caiceir. • MV7 623 , -lectr:: charge - 4 ; 

Sigma Chemicals) ; CA) and : mM suichorncdamine (iw 
5 electric charge - Sigma Chemical) (SR! _ a 
150 mM Fhcscnate Buffer Saline 'PBS; £igma 
Chemica.s . 

i he u.rrasounz prcce was inserted into the 
doner c^carcr.enc. The c:rec:::n of the ultrasound 

1C wave was perpendicular the membrane surface. 
The s:ra:ur. coraeutn was facing :he doner 
compare^:.:. Both doner and receptor compartments 
were :.-.i:-w::h degassed phespnate buffer saline 
(P3S: p;-: = ~ 4. The temperature was followed tic be 

15 m the rar.ee c: 2 2 - 2 °C . SR and CA were added to 
the doner compartment to provide concentration of 1 
mM CA ana : mM SR. Fresh P3S was continuously 
pumped -r.ro the receptor compartment at 0 . 8 ml/min 
from a reservoir. 

20 B. Fluorescence measurements 

The ilucrcmeter was set up for dual wavelength 
measurements (excitation wavelength = 483 hm, 
emission wavelength = 515. nm • taicem: and 
excitation, wavelength = 525 nm. emission wavelength 

25 = 607 r .m suiphorhodamine i > . The sample cuvette of 
the fluorcmeter was sealed but for two openings 
that were provided for the flow of receiver fluid 
thrcugn it. a sma.l custom-made electric stirrer 
was installed in the cuvette so that there were no 

30 stagnant zones m it. Care was taken to avoid any 
obstruction of the excitation beam by tne stirrer. 
Transdermal caicein and suiphornodamme flux was 
calculated from the fluorescence readings by taking 
into account parameters such as flow rate, receiver 

35 compartment volume, and fluorcmeter caveat volume. 
The etr.uent from the receptor compartment was 
pumped througn a spectre fluorcmeter { Fluoroiog- II- 
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system FllZAI C?E>: - ir.auscnss . Edison. :;J) where 
the fluorescence cf sslceir. and sulpherhsdarair.e was 
separate iy -sasured twice every ninuce. The 
exc::a:ion for CA is 483 r.- and for SR 5=5 nm. the 
5 nieasur:aer.c fcr CA was a: £15 nr. and fcr Sr. 607 nm. 
The rsceptcr was mixed by an e ieccromechanicai 
stirrar. The z Iuoresccr.ee xeasurenencs were 
deccnvDiuced tc calculate -.he CA and SR flux. 

C. Application of Ultrasound 

10 Two studies were conducted. In the first, 

two ultrasound sources were utilized: 

20 KHz Son::: and Materials (Z3C vn with a 
probe surface area cf 0.2= err.-. 

--■ MHz Soncpuis Therapeutic device with 

1= probe surface area cf 0 . 8 cr. ; . Pulsed and 

continuous mcdes were evaluated below 2 W/cnr for 
the ccr.cir.uous mode and 2-3 W/cnr pulsed !20% duty- 
cycle. The distance cf the probe tips from the 
skin was : err. for the 2 0 KHz and 4 cm fcr the 1 

20 MHz . 

In the second study, ultrasound was applied 
under therapeutically approved conditions •: 1 . 4 
W/cnr. : MHz and 3 MHz , continuous) using a 
somcatsr i ioncpuis 463. Henley International • for 
various exposure times up ts 1 hour. The 
ultrascur.t transducer was lecated at a distance of 
about : cm from the skin. 

D. Electroporation 

One Ag/AgCi electrode I In vivo metric. 
Heaidsburg, CA) was Iscated in the doner and one in 
the receptor compartment, so that the distance of 
electrcdes from the s>in was equal in bcth the 
compartments (about 8 'mm). Voltage pulses were 
applied using a pulse generator (ECM 60G, 3TX, San 
Diegc, CA) acrcss the electrodes such that the 
positive electrode was always m the receptor 
compartment. This provided an electric driving 
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force for ra.csin and sulphorhcdamma (both 
negative::;/ rr.argedj to transport across the skin. 
The vcitaoe applied to the electrodes divides 
between tr.e saiir.e and the skin. The voltage drop 
r acrccr cr.r r . : m was estimated using the measured 
electrize resistance of the skin and saline. The 
magnitude well as the length of tne voltage 
pulses wis varied over a wide range in order to 
investigate tneir effect cn transdermal transport, 

10 In first set cf experiments (Figures 11a, 

lib., .it" . a voltage divider cf 1G:40 ohm was used 
to provide fixed time constant exponential shape 
pulse 7he maximum pulsing voltage m all 

exper:~.3r.:: was 730 volts across the chamber 

-5 (rererc ~ : 3 voltage drop across the skin cf 210 - 
230 v:::: The pulse rate was 1 pulse /min for 60 
minuter, cr.rrclied by a computer. 

In --2 second set of studies (Figures 11c, 12b 
and lie. . : . . tne electric field ! 100 V) was 

20 applied r.zrzss the skin, exponentially decaying 
pulse witn a rime constant !r) of 1 millisecond, 
one c-::; applied every minute. 

-.1 -rrer 10 assess the staoiiity of these 
rr.olecu- -j : -::r.; eiectroporaticn , calcein and 

25 sulpnor-: limine solutions (1 mM each; were exposed 
to elect r iterating conditions similar to those used 
in tnic ..".-:y. Mo difference between the intensity 
cf their : luorescence before and after exposure to 
electric iieids could be detected. In addition, 

30 these -c.erules are stable up to a temperature of 
100°C ; measured in terns of fluorescence J . When 
these mr^e rules are degraded, they do not 
fluoresce In general, these molecu.es have been 
found :: re very stable against many physico- 
35 chemica. cnanges. 
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E. Measurement of Passive Electric Skin. 
Properties 

A second pair si electrodes (same type as 
above- was used for monitoring the passive 
5 eiectncs: ;r=perr.:es (specifically, electrical 
resistance- . Since the electrical resistance cf 
tne £>:ir. is a good indicator cf! its barrier 
proper- :ss, che sxir. resistance was measured 
before, --ring and after che experiments . The 

10 effect cf eieccroporaticn and ultrasound separately 
and together cn skin electrical resistance was 
determines. If the electrical resistivity befcre 
zr.e app:::a::;- of either ultrasound or 
5lectr:p:r".: = n was icwer than 20 kn-cnr or if any 

15 significant passive calcein or sulphcrhodamme 

transaer-.a- flux was observed (that is, J greater 
than 0.032 ^g/cmvh (the detection limit)), the skin 
piece was considered leaky and replaced by a new 
piece . 

20 RESULTS AND DISCUSSION 

A. Application of Ultrasound Enhances the 
Efficacy of Electric Field. 

The results of the first study are shown in 
Figure .la. Figure iia shows the time variation 
25 flux cf £= waxen perrr.sated the skin with time. 
After 4 z-2 sec of passive diffusion, pulsed 
ultrasound d MHz, 2 0% duty cycle, 2.5 - 2.9 W/crrr) 
was turned cn for 2750 sec. The ultrasound was 
turned off at 2750 sec. High voltage pulsing was 
30 turned or. at 6900 sec for 1 hour (10,500 sec end of 
electrcccration pulsing) . Ultrasound ( l MHz , :.8 
cm 2 2 0% duty cycle, 2.5 - 2.9 W/cm : ) was turned on 
again at 14.310 sec. elect ropora tier, (same 
condition) was turned on again at 15.200 sec while 
the pulsed ultrasound was on. At 15.440 sec the 
ultrasound wave was changed from pulsed to 
continuous while the eiectroporaticn continued. 
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The experiment -as u-rminateci a: CO. 040 sec. The 

- ^ : saura is sumr.ar::2a ir. Table 5 

be lew. 

TABLE 5: Conditions used for determining effect of 
ultrasound and eiectrcDcration 



From To isec) Description of 



( sec 



tiie transdermal 
transport 



40C passive 

diffusion 

A0C 313: pulsed 

ultrasound 

~9C0 passive 

di f f us ion 



} n c r. ^. 



eieccrccoraticr. 



14 31 C passive 

dif fusion 

14310- 15200 pulsed 

ultrasound 



— u ■ 



16400 eleccroporaticn 
+■ pulsed 
ultrasound 

16440- 20040 elect roporaticn 

+ continuous 



ultrasound 



r igurc- and 11* show r.r.e effect of 

simultaneous application of ultrasound ?i MHz, 1.4 
r,N/cr ' = ~nt ir.uous application) and eiectrio field 
:i2 0 V across the skin, exponent-ally decaying 

20 pulse with a time constant (r) cf 1 millisecond, 

cr.e puice applied every minute; on the transdermal 
transport cf caicem and sulphcrhodamine 
respectively. The passive transdermal transport 
i in the atser.ee if ultrasound and electric field) 

25 is below the detection limit and is not shown in 

figure lit cr 11:. Application cf ultrasound alone 
does net enhance the^ flux of caicein or 
su-pnorncdamme . However, application of 
ultrasound enhanced steady-state transdermal flux 
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of bc:r. caicem and sulphcrhcdamine during eiectric 
fieic pulsing . The enhancement is quantitatively 
defir.ee as the amour.: of caicair. or sulphcrhodamine 
transported ir. the prsser.es of ultrasound-electric 
fieic pu.sir.g c: t.-.at in the presence cf eiectri: 
field puis ins alone. This ratio is 2 in the case 
of =3ice:n :Figure ::;) , and 2 in the case of 
sulphcrhodamine (Figure lie) . Application of 
ultrasound also reduced transdermal calcein 
transport lag time, iafiasa as the time required to 
reach the steady state, from a typical value of 15 

minutes i r t'~ = ^ c o »- . , „ ^ - . . 

--eser.ee c: eiectnc field aione co 

aoout .• ~ mutes m t.-.e presence of ultrasound and 
siec:r;: field. 



15 Similar effects -■ 



ultrasound on transdermal 



transport :: SR and c.-. during e iectroporaticn can 
be also seen m Figures 12a and 12b which present 
the flux cf C.\ (Figure 12a) and SR (Figure 12b) in 
experirr.er.t3 where the skin samples were exposed 

20 continuously to electreporaticn and continuous 
ultrasound (i MHz , 3.3 cm% 2 W/cnr*> (o) and 
controls •:■:) where the skin was exposed to electric 
fields alone. The possible mechanism for this 
phenomena r.i 3 -= be tr.at tr.e electrical cuisina 

25 creates snort term pores i- the skin while 

ultrasound 13 forcing the solutes through these 
pores . 

In order to quantitatively estimate the 
reduction ir. the required pulsing voltages by 
simultaneous application of ultrasound and electric 
field, transdermal suiphorhodamine transport was 
measured ir. the presence as well as absence of 
ultrasound ; : MHz. i. 4 w/ca3) and electric field 
(voltage across the s.<ir. increased from 2Z V to 150 
35 V in steps of 5 V every 30 minutes, 1 millisecond 
exponential pulse applied every minute. . 
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Figure show3 -u a vari .. lsn cf tranaaerniai 

sulcncrr.criarriin 0 ^ ' 

- s - vox -age across the skin 

a wen as in the aosence 'vj 

of ultrasound. The transdermal sulphcrnodamina" 
-lux neariv z«v.~ ■ - 

« *-ng a ^ the voltage 13 ceiow 
t he tr.rssn^ 1 ^ "^l,,. . _ - _ , 

* w — t . diu^ s.;G thereat usr increases 

lineany wich voltage. The tnresnoid voicage for 

this cuisina — ->!-■ ■ . . 

-u- ~_t^. . in ce esci-acea cy measuring 

— e? .n 2 —ear var:s::on cf flux wich 

vol t ace :r. c: q voir-^o = 

/OUa r2 axis. ,n tne aosence cf 

ultrasound. - s ; 

- — * l — =snc:a 13 aoout 53 ; 3 V and 

t ha t ir. tins ^^oqpn^^ _^ , - _ 

. se...e c. u::rasour.2 is aoout 4-5 + 3 

v. tr.at application of ultrasound 

slightly raducss the tnresnoid pulsing voltage. 
Figure :: also snows tr.at the transdermal 

--ax Gw various pulsir.o voitaaes is 

always higher ia the presence of ultrasound, ~Thus, 
the puicir.g voltage required to achieve a given 
transcerr-.ai flux is smaller ir. the presence of 



10 



J. 3 



20 ultrasound. For example, to achieve a transdermal 

sulpncrr.caamir.e flux of 3.15 M g/ C mVhr. the reauired 
voltage ,3 aoout 95 V in the absence of ultrasound 
ana . . v ir. the presence c: ultrasound. 

Cavitation may ciav a two- fold r~"-° 

25 eahar.::,: tne effect cf electric field or."" 
transfer. ..ai transport. Since the electrical 
resistance of the disordered biiayers is likely to 

be smaller '-an t-<--- , . 

w..an t. iaL _ne normal lipid biiayers, 

t he SCCil2d si opt- « — * — *: ^2 

1 " ec ^-- -.eia mav cencenr-'^ 

preferentially across the normal bilavers. This 
may dacraase the tnresnoid eiectroporatmg voltaae 
tor transdermal transport cf caicein and 
suiphemodamme. Application of ultrasound reduces 
the tnresnoid pulsing voltage from about 53 + 3 V 
m the aosence of ultrasound to about 45 - 3 ~V in 
the presence of ultrasound ;a reduction of about 
12%) . This number 13 comparable to an indeoendent 
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20 



Result; ; r: 
depict t.-._ 
chance _ .-. • 
when a _ e c t 
respect ire 



estimate cf t.-.a frac:::n cf SC biiayer disordered 
by ultrasound application (15%) . 

.he c:;:..acicr.s of cavicaticr. hubbies may 
also :nduc; rc-vecticn acrcss the skin. In order 
s to assess tr.e r;l e c: csnvectisr. in the synergistic 
etfect - - - rasound and electric f is id , 
transdermal ra.cem and suiphcrh=damine cransccrc 
was measure, sequentially m the presence of 
electric ::2.a aione, ultrasound and electric 
10 field. -Itrasound aione and in the absence of 
ultrasour.d and eieccnc field. The results of 
these seauer.tiai procedure are shown in Figure 14. 

a single experiment are shown to 
.-.ape cf the curves clearly. Note the 
2 transdermal flux at 1 and 1.5 hours 
c tield and ultrasound is turned CFF 
-f electrophoresis plays an 
important :-::s ir. calcein and sulphorhodamine 
transport tr.e transdermal flux is likely to 
decrease rip idly after electric fields is turned 
OFF - - n t - r - 2 ::ner hand, if cavitation- induced 
convert plays an important role, transdermal 
flux v;u.j rapidly decrease after tummc 
ultras :-r.z : 77 . Indeed, calcein flux decreases 
25 rapid.- i::s.- turning electric field OFF !l hour) 
and ar.-.-aves a value ccnparable to the background 
flux. When ultrasound is turned OFF ac 1.5 hours, 
calceir. flux further decreases by a small amount 
(compare- :: tr.s reduction after turning electric 
30 field CFF at 1 hour; and thereafter it remains 

nearly at tr.e cackgrcur.d level. This suggests that 
calceir. trar.sptrt is mainly driven by electric 
forces. ?n tr.e other .-.and, convect.cn appears to 
play an important role in transdermal 
3 5 sulphcrr.ccamir.e transport in the presence of 
ultrasour.c and electric field because the 
sulphcrr.2iar.i-e flux did net decrease rapidly after 
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turning eiectric fields 07? , cue decreased 
instantaneously* after turning ultrasound OFF at 1.5 
hours. 7ns ::cal decrease m the transdermal 
suiphcrncdamme flux after turnmq t r.e electric 
5 field 277 mat 1 c , cctween a period of 1 and 1.5 
hours: ~a ::"paracie co the instantaneous decrease 
in its va.ua after turning ultrasound OFF at 1.5 
hours. This suggests mat bom electric field and 
ultrasound -generated rmvectim may play an 
10 important role in transdermal sulphorhodamine 
transport. "This difference in the behavior cf 
calcem and sulphorhodamine is presumably because 
caicem c:sse = ses a much larger charge -4) 
compared :: suiphorncdamms ■. - 1 ; . In this respect, 
15 it is important to note that the transdermal 

transport z f calcem and sulphorhodamine in the 
presence zz electric field alone also differs 
' significant iy . Calcem transport increases rapidly 
and acmeves a steady state within 15 minutes. 
20 Sulphorhccamme flux, however, increases 

continuously with time over the experiment a 1 
duration. This difference m the behavior of 
calcem and suiphorncdamine flux may also be 
attribute o :: the lower charge on sulphorhodamine, 
25 as the transport during the electrical culses is 
driven by electrophoresis. 

The camomed effect cf eiectroporat ion and 
ultrasound on transdermal flux in all experiments 
was higher far SR than CA, suggesting that the' 
3 0 additions^ enhancement by ultrasound is mere 

effective on less charged molecules. The effect of 
ultrasound was observed on both the lag time and 
the steady state flux for the two molecules. 
In summary, elect rcporat ion of the skin 
35 resulted _n a very significant increase in SR 

permeability . The phenomenon was observed also on 
repeated application of eiectroporat ion , but the 
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enhancing effect was only slight!-/ higher. 
Application of ultrasound without electroporation 
did r.ct r-sulc m enhanced flux. The very 
pronounced increase .a permeability was observed 
5 when the skin was exposed to :he combined e--f— of 
ulcrasouna and electroporar icn (.ore than twice the 
flux value observed v,ich electroporation wichou- 
ultrasound; . The combined effect of ultrasound and 
electroporation was also observed in additional 
10 exposures c: the same skin specimens. 

EXAMPLE 7: Det ff «i„.' 

ueceraxnacion or effect of 

ultrasound on sJcin. 

-he r 3 1 -cwmg experiment v;as measured ir. order 

to assess wnet n = > - 

----icacion or u.crssour.s induces 

-..«xnge m tne sxin structure. 

Human skir. pieces were exposed to electric field 
alone i : c v ar^cc - u^ 

decaying cuise v inh a cime ccnscanc (r) cf " 1 

millisecond. on<= r- • • i - « i . 

. on. cux»e applied every rcinuce) , then 

simultaneously to ultrasound ;l MHz , 1.4 W/cirr> - 

electric field and again to electric field alone. 

A comparison of suiphorhodamin e transport due to 

the eiectri - ri - ■ - _ 

a a. one. oercre ana arcer the 

simultaneous — - - 

--Sia-u.;rasouna treatment, 

25 indicate-' — = - - - 

- -..au. - --x returns to a near baseline 

value, sjaoes' -• • • 

- - = >-..»- the apc.ication of 

ultrasound did not induce any irreversible 

axteration m the barrier properties cf akin. The 

recovery was also supported by electric resistance 

measurements indicating chat aooiication of 

ultrasouno did not cause any irreversible chance in 

the electrical resistance of the skin. 
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We cam: 

- ■ apparatus fcr enhancing :ransccn cf 

moie:uc:s across the s:\ir. comprising means for 
a PP-7-" -.:rascund the skin an a frequency of 
between -;Hz and less tnar. i MHz :':r a pericd of 
time e f f :- r : _ v e cc transport :hs molecules . 

Z. ~..e apparatus o: :laim 1 wnerem :r.s 
mo ie:uc: ire arugs :: be acmir.istered to a oerson 



.e apparatus of claim 1. wherein the 
mole:u.:: ire analyses present in biooci. lymph or 
inter:: : : _ i fluid. 

:■ apparatus of claim 1 wnerem the 
frequer. c- - cat ween 20 ana 45 kHz. 

r - - apparatus cf claim 1 wherein the 

interne . cetween zero and 1 W/crrr . 

i. .2 apparatus of claim 5 wherein the 
intenc: j between 12.5 mW/cnr and 225 mW/crrr. 

v.e method of using the apparatus cf any 
of c.aiT..: - to enhance transfer cf molecules 
thrcuzr. \ : 2 skin. 

Z -ethod fcr collecting an analyte to be 

rr.easur: : \ ciood cr lymph sample comprising 

appiv: r.7 :r. appropriate site fcr collection of a 

sampl: : festive amount cf ultrasound and 

coiiecc 1::: ~. r.e sample, wherein the ultrasound is 
applies : frequency between 2 0 kHz and 10 MHz. 

? . \_n apparatus for enhancing transdermal 
trans;::: molecules comprising means fcr 

admir.is:-: r ir.g to the skin an effective amount of 
ultrascur.c ,r. combination with an enhancer selected 
from tr.e c:u; consisting cf chemical enhancer 
ccmbir.a::::.: z-z agents enhancing solubility of the 
molecules c be transported with agents enhancing 
the c-:-::v cf lipid biiayers, mechanical force 
fields. c-c:c force fields, magnetic force fields 
and elc:c: force fields. 
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10. The apparatus cf claim 9 wherein che 
ultrasounc is administered at a frequency cf less 
Chan 1 . E MHz . 



1 -L . 



"he apparatus cf claim 9 wherein che 
ultrasound is administered ac a frequ-cncv cf 1 MHz 
or less . 



The apparatus cf claim 9 whersir. che 
combi-ac::- 13 lincleic acid in an ethanol 
solution . 

13 . The apparatus cf ciain 9 whersir. che 
ultrasounc is administered in combination with an 
electric ::rce field selected from che group 

-j-e ww-.^c. w n and i cnccpnoresis . 

. .he apparatus of claim 12 wherein che 
electric :ield is pulsed. 

The apparatus cf claim 9 wherein the 
ultrasounc is administered in combination with a 
magne::: : :rce field. 

15 . The apparatus of claim 9 wherein the 
ultrasounc is administered in combination with a 
mechanical force field created by pressure or 
vacuum . 

*- T . The apparatus cf claim 9 wherein the 
ultrascunc is administered in combination with an 
osmotic rirce field. 

IS. ~he apparatus of claim 9 wherein the 
ultrasound is administered in combination with 
chemical enhancers and mechanical forces. 

19- The apparatus of claim l wherein che 
molecules to be transported are drugs che patient 
is in need of . 

20. The apparatus of claim 9 wherein the 
compound - be transported is an analyte tc be 

measured . 

21. The apparatus cf claim 9 wherein the 
ultrasound is Duised. 
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22. The T.^tinca cf use cf -he apparatus cf any 
of ciaims j -21 in enhancing rnr.spcr: cf molecules 
through skin. 

22. \ composition fcr enhancing delivery of 
drugs across, the skin comprising drug encapsulated 
in a liposome cr polymeric carrier fcr application 
to tne s.-:m and applying ultrasound for a period of 
time effective to deliver to the patient a desired 
drug dosage . 

23. The composition cf claim 22 wherein the 
micropart icie is coated with a lipophilic cr 
hydropniiic material enhancing cransdermai 
penetration . 

24 . The composition of claim 12 wherein the 
material is a hydropniiic molecule couple to a 
synthetic biodegradable polymer forming the 
microoart icle . 
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AMENDED CLAIMS 

[received by the International Bureau on 6 March 1997 (06.03.97); 
original claims 1-24 replaced by amended claims 1-24 (3 pages)) 



1. A use cf an apparatus for enhancing transport of 
molecules across the skin comprising means for applying 
ultrasound to the skin, wherein the ultrasound is application 
at a frequency of- between 20 kHz and less than 1 MHz for a 
period of time effective to transport the molecules through 
the skin. 

2. The use of claim 1 wherein the molecules are 
drugs to be administered to a person in need thereof . 

3. The use of claim 1 wherein the molecules are 
anaiytes present m blood, lymph cr interstitial fluid. 

4 . The use of claim 1 wherein the frequency is 
between 2 Z ana 4 5 kHz. 

5. The use of claim 1 wherein the intensity is 
between zero and 1 W/cm : . 

6. The use of claim 5 wherein the intensity is 
between 12.5 mW/cm- and 225 mW/cnr. 

7 . a method cf using the apparatus of any of claims 
1-6 to enhance transfer of molecules through the skin by 
applying ultrasound at a frequency of between 20 kHz and less 
than 1 MHz tzr a period of time effective to transport the 
molecules through the skin. 

8. A method for extracting an analyte to be 
measured m a blood cr body fluid sample comprising applying 
at an appropriate site for extraction of a sample an effective 
amount of ultrasound and collecting the extracted sample, 
wherein the ultrasound is applied at a frequency between 20 
kHz and less than 10 MHz. 

9 . The method of claim 8 wherein the ultrasound is 
applied at a frequency of between 20 kH and less than 1 MHz. 

10. .An apparatus for enhancing transdermal 
transport cf molecules comprising means for administering to 
the skin an effective amount of ultrasound for transdermal 
transport of molecules in combination with an enhancer 
selected frcm the group consisting of chemical enhancer 
combinations cf agents enhancing solubility of the molecules 
to be transported with agents enhancing the fluidity of lipid 
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